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Abstract 


Defects  are  limiting  the  performance  of  nitride  semiconductor  devices:  they  restrict  dop¬ 
ing  levels,  lead  to  device  degradation,  and  interfere  with  achieving  undoped  or  semi- 
insulating  material.  We  have  performed  a  comprehensive  theoretical  study  aimed  at  fa¬ 
cilitating  the  identification  of  defects  and  impurities,  and  at  devising  strategies  for  con¬ 
trolling  their  formation.  Calculations  were  performed  for  isolated  point  defects,  defect 
complexes,  and  impurities,  in  a  bulk  environment,  as  well  as  in  the  vicinity  of  extended 
defects  and  on  the  GaN  surface.  In  addition  to  GaN,  we  performed  calculations  for  InN 
and  AIN,  aimed  at  addressing  InGaN  and  AlGaN  alloys  that  are  an  essential  constituent 
of  device  structures.  Throughout,  the  computational  results  have  been  used  for  compari¬ 
sons  with  and  interpretations  of  experimental  results.  Significant  results  include  the 
identification  of  a  novel  structure  of  Mg-H  complexes;  a  critical  assessment  of  the  pros¬ 
pects  of  codoping;  comprehensive  results  for  diffusion  of  point  defects  and  of  hydrogen; 
a  new  model  for  the  structure  of  screw  dislocations;  detailed  values  for  the  effects  of  im¬ 
purities  on  the  lattice  parameters;  the  finding  that  hydrogen  acts  as  a  source  of  «-type 
conductivity  in  InN;  and  a  comprehensive  thermodynamic  description  of  GaN  surfaces  in 
the  presence  of  hydrogen. 
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Objectives 

The  purpose  of  this  program  was  to  significantly  enhance  our  understanding  of  native 
point  defects  and  impurities  in  Ill-nitride  semiconductors,  and  the  role  they  play  in  mate¬ 
rials  characteristics  and  device  performance.  This  enhanced  understanding  will  provide 
the  foundation  for  increased  control  of  impurity  and  defect  incorporation.  Through  close 
interaction  with  experiment,  emphasis  was  placed  on  those  defects  that  most  crucially 
affect  device  performance.  The  objectives  stated  here  are  the  same  as  in  the  original 
contract. 

Computational  codes 

Our  main  tool  in  performing  our  studies  has  been  a  first-principles  calculational  ap¬ 
proach,  based  on  density-functional  theory  [Rl]  and  ab  initio  pseudopotentials.  We  use  a 
code  that  was  developed  at  the  Fritz-Haber-Institut  in  Berlin;  our  interactions  and  col¬ 
laborations  with  researchers  at  that  institute  have  provided  us  with  access  to  state-of-the- 
art  versions  of  the  computational  techniques.  Further  details  of  the  computational  ap¬ 
proach  can  be  found  in  Refs.  [R2-R5].  The  calculations  were  carried  out  on  IBM  RS- 
6000  workstations  and  on  a  Cray  T3E  available  through  AFOSR  high-performance  com¬ 
puting  services.  For  the  latter,  a  highly  optimized  and  parallelized  version  of  the  code 
was  used. 

We  were  the  first  to  point  out  that  the  d  electrons  in  GaN  can  have  a  significant 
effect  on  the  properties  of  defects  or  impurities  [R6],  and  we  consistently  take  these  ef¬ 
fects  into  account,  either  through  the  so-called  nonlinear  core  correction  [R7]  or  by  ex¬ 
plicit  inclusion  of  the  d  electrons  as  valence  electrons.  We  also  systematically  investigate 
both  the  wurtzite  and  zinc-blende  phases  of  the  nitride  semiconductors. 

All  calculations  were  carried  out  at  the  theoretical  lattice  constant  [bulk  wurtzite 
GaN:  =  3.089  A,  compared  with  Uexp  =  3.19  A].  We  also  used  the  ideal  c/a  ratio  of 

V8/3,  which  is  very  close  to  the  calculated  c/a  ratio  of  1.633  (exp.:  1.627).  We  used  32- 
atom  and  96-atom  supercells,  in  the  wurtzite  structure.  Brillouin-zone  integrations  were 
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carried  out  with  a  regular  spaced  mesh  of  points  in  the  reciprocal  unit  cell  according  to 
the  Monkhorst-Pack  method  and  reduced  by  symmetry  to  a  set  of  irreducible  k  points. 
Accomplishments 

We  present  the  results  obtained  during  the  program  in  the  same  order,  and  under  the  same 
headings,  as  listed  in  the  original  proposal,  to  emphasize  that  all  work  was  carried  out  as 
promised.  In  addition,  we  will  list  several  topics  that  arose  during  the  course  of  the  pro¬ 
gram.  For  those  topics  that  were  covered  in  previous  Progress  Reports  we  only  include  a 
brief  summary. 

1.  Formation  of  complexes 

1  .a.  Complexes  between  hydrogen  and  dopant  impurities 

These  studies  were  described  in  detail  in  section  “Vibrational  frequencies  for  hydrogen- 
related  complexes  in  GaN”  in  our  Progress  Report  for  the  period  August  1 ,  2000  -  July 
31,  2001,  and  in  publications  [PI]’  and  [P14].  Summary: 

Hydrogen  readily  incorporates  in  GaN,  particularly  in  p-type  material,  where  it 
acts  as  a  donor  and  compensates  the  electrical  activity  of  the  acceptor.  Magnesium- 
hydrogen  complexes  form  during  cooldown  after  MOCVD  (metal-organic  chemical 
vapor  deposition),  and  the  resulting  deactivation  of  the  acceptors  explains  the  need  for  a 
post-growth  activation  treatment  [R8].  Knowledge  of  the  atomic  configurations  in  which 
hydrogen  appears  before,  during,  and  after  the  activation  process  is  helpful  for  optimizing 
the  activation  process,  and  various  experimental  studies  have  been  devoted  to  this  issue 
[R9].  Most  of  the  information  has  been  obtained  with  vibrational  spectroscopy,  which 
produces  frequencies  of  the  local  vibrational  modes  of  the  hydrogen-related 
configurations.  These  experiments  therefore  do  not  provide  direct  information  about  the 
microscopic  structure.  In  order  to  obtain  such  information,  the  experimental  results  must 
be  combined  with  computational  studies. 


*  We  use  the  notation  “[PI]”,  “[P2]”,  etc.,  to  cite  publications  that  were  produced  in  the  course  of  the  pres¬ 
ent  program;  these  are  Included  in  a  separate  list  at  the  end  of  this  document.  Other  references  are  labeled 
[Rl],  [R2],  etc. 
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We  have  carried  out  first-principles  calculations  for  a  variety  of  hydrogen-related 
configurations,  and  identified  stable  and  metastable  configurations  for  isolated  interstitial 
in  GaN,  as  well  as  for  Mg-H  complexes.  In  addition,  we  have  addressed  Be-doped 
material,  since  we  have  previously  identified  Be  as  a  promising  alternative  acceptor  in 
GaN  [R10,P2].  For  each  of  these  configurations  we  have  also  calculated  the  local 
vibrational  modes.  Comparison  with  experiment  then  allows  for  an  unambiguous 
microscopic  identification  of  the  configuration  that  gives  rise  to  a  particular  frequency  in 
the  vibrational  spectrum.  Anharmonic  effects  are  sizeable  for  a  light  impurity  such  as 
hydrogen,  and  they  were  included  for  the  first  time  in  this  type  of  study.  Comprehensive 
results  for  all  configurations  that  have  been  investigated  are  included  in  publication 
[P14].  These  results  will  be  very  useful  for  identification  of  the  microscopic  structure  of 
species  corresponding  to  vibrational  modes  observed  in  infrared  or  Raman  spectroscopy 
experiments. 

An  interesting  and  novel  result  was  found  for  one  of  the  most  important  hydrogen 
configurations,  namely  the  Mg-H  complex.  This  discovery  has  also  revealed  some  very 
interesting  physics  about  defects  in  semiconductors  in  general.  The  local  vibrational 
mode  (LVM)  at  3125  cm  '  observed  in  Mg-doped  GaN  [R9]  was  experimentally  found  to 
correspond  to  an  N-H  bond  forming  an  angle  of  130°  with  the  c  axis  of  the  GaN  wurtzite 
crystal.  This  large  deviation  from  the  expected  angle  of  109°  in  the  ABnj.  (antibonding) 
configuration  was  very  puzzling.  The  puzzle  was  resolved  by  our  proposed  new 
configuration,  labeled  OA//  because  it  originates  from  an  off-axis  distortion  of  a  bond- 
center  configuration.  The  calculated  total  energy  of  this  configuration  is  higher  (by  0.19 
eV)  than  the  energy  of  the  ABnj.  configuration.  However,  this  configuration  is  stabilized 
by  a  large  entropy  contribution  to  the  free  energy,  caused  by  a  set  of  low-energy 
excitations  due  to  the  rotational  motion  of  hydrogen  around  the  bond  axis. 

These  results  address  an  important  aspect  of  the  technologically  important  Mg-H 
interactions  in  GaN,  but  they  also  highlight  the  importance  of  taking  finite-temperature 
free-energy  effects  into  account  when  assessing  the  relative  stability  of  various  possible 
configurations  of  a  defect,  impurity,  or  complex. 
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l.b.  Complexes  between  impurities  and  native  defects 

These  studies  were  described  in  detail  in  section  ''Investigations  of  doping-limiting 
mechanisms  in  Mg-doped  GahT'  in  our  Progress  Report  for  the  period  August  1 ,  2000  - 
July  31, 2001,  and  in  publication  [P3].  Summary: 

Magnesium  is  almost  universally  used  for  p-type  doping  of  GaN.  However,  hole 
concentrations  that  can  be  achieved  in  Mg-doped  GaN  films  are  limited.  For  example,  at 
300  K,  about  1%  of  the  Mg  acceptors  are  ionized,  with  a  highest  reported  hole 
concentration  of  -lO'^cm'^  for  a  Mg  concentration  of  -lO^'^cm'^  [RH]-  Increasing  the 
Mg  concentration  further  during  MOCVD  growth  causes  the  hole  carrier  concentration  to 
decrease  and  surface  roughness  to  develop.  In  earlier  work  [R12],  we  suggested  that  the 
limited  solubility  of  Mg  in  GaN  is  an  important  factor.  Beyond  a  certain  concentration. 
Mg  is  unlikely  to  incorporate.  In  fact,  precipitates  of  Mg3N2  (which  is  the  solubility- 
limiting  phase)  may  form,  which  could  contribute  to  the  increased  surface  roughness. 
Several  experimental  studies  have  shown,  however,  that  deep  levels  are  formed  at  higher 
Mg  concentration,  indicative  of  compensation.  The  main  compensating  center  that  we 
have  previously  addressed  is  the  nitrogen  vacancy  [R13].  Nitrogen  vacancies  can  be  the 
source  of  the  boue  luminescence  that  is  frequently  observed  in  highly  doped  p-type  GaN. 

The  work  on  this  topic  carried  out  during  the  program  was  prompted  by  an 
experimental  study  at  PARC  of  films  grown  by  MOCVD  with  various  Mg 
concentrations.  The  structural  investigations  showed  that  inversion  domains  occurred  in 
GaN  films  when  the  bulk  concentration  of  Mg  was  in  excess  of  10^'’  cm'^.  The  inversion- 
domain  formation  was  accompanied  by  an  increase  in  the  Mg  incorporation  and  a  de¬ 
crease  in  the  hole  concentration. 

The  observed  reduction  of  the  hole  concentration  that  occurs  when  the  total  Mg 
concentration  [Mg]  exceeds  10^”  suggests  that  some  of  the  Mg  incorporates  in  an  electri¬ 
cally  inactive  form  and/or  gives  rise  to  compensating  donors  at  high  Mg  concentrations. 
Most  of  the  Mg  is  incorporated  during  MOCVD  growth  in  the  form  of  a  neutral  Mg-H 
complex,  and  these  Mg  atoms  act  as  acceptors  only  after  activation  [R8].  In  order  to  ac¬ 
count  for  a  reduction  in  the  hole  concentration  we  propose  another  type  of  Mg  related 
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complex  that  would  act  as  a  donor  after  activation.  We  focused  on  one  complex  to  illus¬ 
trate  the  concept:  a  hydrogenated  nitrogen  vacancy  in  which  two  of  the  surrounding  Ga 
atoms  have  been  replaced  by  Mg.  We  refer  to  this  complex  as  the  Mg2-yN-H  complex. 
Such  a  complex  would  be  a  neutral  defect  during  growth  but  would  become  a  donor  once 
the  hydrogen  was  removed  by  the  activation  process. 

Our  analysis  indicates  that  for  high  Mg  concentrations  the  concentration  of  the 
Mg2-VN-H  complex  becomes  comparable  to  or  larger  than  that  of  the  Mg-H  complex.  In 
this  latter  case  the  difference  between  the  number  of  acceptors  and  donors  will  be  greatly 
reduced.  This  model  illustrates  that  if  defect  complexes  that  are  stabilized  under  Mg-rich 
conditions  act  as  donors  following  activation,  then  it  is  possible  to  account  for  the  exis¬ 
tence  of  a  maximum  in  the  hole  concentration  as  a  function  of  [Mg]. 

l.c.  Complexes  between  native  defects 

We  have  investigated  instances  of  complex  formation  between  native  point  defects,  but 
did  not  identify  any  that  would  be  stable  enough  to  play  an  important  role.  Some  of  the 
configurations  that  were  examined  in  the  course  of  our  studies  of  point-defect  diffusion 
can  be  regarded  as  complexes;  for  instance,  during  diffusion  of  the  nitrogen  vacancy,  the 
saddle  point  configuration  can  be  envisioned  as  a  complex  between  a  nitrogen  interstitial 
and  two  nitrogen  vacancies.  However,  this  configuration  is  not  stable  (i.e.,  it  is  not  a  lo¬ 
cal  minimum),  and  only  plays  a  role  during  diffusion,  as  discussed  in  the  next  section. 

l.d.  Complexes  between  impurities:  codoping 

Codoping  (i.e.,  the  incorporation  of  donors  along  with  acceptors)  has  been  proposed  as  an 
effective  way  of  increasing  hole  concentrations  in  p-type  GaN.  Yamamoto  and  Kata- 
yama-Yoshida  [R14]  have  proposed  that  complexes  consisting  of  two  acceptors  and  one 
donor  (e.g.,  Mg-O-Mg)  would  be  effective  in  enhancing  the  doping  efficiency,  and  would 
provide  an  explanation  for  the  experimental  observations  by  Brandt  et  al.  [R15]  (codop¬ 
ing  of  cubic  GaN  with  Be  and  O)  and  by  Korotkov  et  al.  [R16]  (codoping  with  Mg  and 
O).  Yamamoto  and  Katayama-Yoshida  [R14]  performed  first-principles  calculations,  but 
their  arguments  were  based  mainly  on  trends  in  the  electrostatic  (Madelung)  energy. 
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We  have  performed  comprehensive  investigations  of  Be-O-Be  complexes  [P2] 
and  of  Mg-O-Mg  complexes.  We  found  that  the  formation  energy  of  these  complexes  is 
not  lower  than  that  of  the  isolated  acceptors  (at  least  if  equilibrium  with  the  proper  solu¬ 
bility-limiting  phases  is  taken  into  account).  Formation  of  acceptor-0  complexes  (which 
are  electrically  neutral)  is  energetically  quite  favorable,  but  attaching  a  second  acceptor 
impurity  to  such  a  complex  is  only  marginally  favored.  Finally,  even  if  Be-O-Be  or  Mg- 
O-Mg  complexes  would  form,  there  is  no  indication  that  their  ionization  energy  is  lower 
than  that  of  isolated  acceptors  (within  the  error  bars  of  our  calculations).  We  therefore 
doubt  that  formation  of  Be-O-Be  or  Mg-O-Mg  complexes  is  a  viable  approach  to  in¬ 
creasing  p-type  doping  of  GaN,  or  provides  an  explanation  for  the  experimentally  ob¬ 
served  p-type  conductivity  [R15,  R16]  in  codoped  samples. 

2.  Migration  of  defects  and  impurities 

Knowledge  of  the  diffusion  properties  of  native  point  defects  is  important  to  assess  the 
likelihood  of  their  incorporation  during  growth  and  processing;  in  addition,  it  forms  the 
basis  for  understanding  impurity  diffusion,  which  is  nearly  always  mediated  by  native 
defects.  Diffusion  also  plays  an  important  role  in  device  degradation. 

Information  about  diffusion  in  nitrides  is  currently  very  limited.  Only  a  few  ex¬ 
perimental  studies  have  been  performed,  resulting  in  mostly  qualitative  information. 
Furthermore,  the  results  may  also  reflect  phenomena  induced  by  the  presence  of  a  large 
concentration  of  extended  defects,  and  therefore  this  information  is  probably  of  limited 
applicability  to  bulk  GaN.  We  have  performed  a  comprehensive  computational  study 
tracking  the  diffusion  paths  of  various  relevant  point  defects.  The  main  results  are  re¬ 
ported  here,  and  are  documented  in  a  manuscript  that  has  been  prepared  for  publication 
[P17]. 

2.a.  Formation  energies  of  native  point  defects 

As  a  starting  point,  we  re-examined  the  formation  energy  of  all  native  point  defects  in 
their  ground-state  configurations  for  all  relevant  charge  states.  We  performed  similar  in¬ 
vestigations  in  1994  [R5],  but  at  that  time  computational  limitations  restricted  the  size  of 
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the  supercells  to  32  or  maximum  72  atoms.  Expanded  computer  power  now  allows  us  to 
perform  calculations  in  96-atom  supercells  for  the  wurtzite  structure,  and  we  have  up¬ 
dated  the  results  for  vacancies  and  self-interstitials;  antisites  are  high  in  energy  and  are 
unlikely  to  affect  the  materials  properties.  The  formation  energies  for  all  native  point  de¬ 
fects  obtained  in  this  fashion  are  shown  in  Fig.  1.  Gratifyingly,  the  results  are  very  simi¬ 
lar  to  those  reported  in  Ref.  [R5].  For  quantitative  accuracy  in  our  diffusion  studies, 
however,  it  was  important  to  consistently  use  results  obtained  in  same-size  supercells 
when  comparing  ground-state  energies  with  saddle-point  energies. 


Figure  1:  Formation  energies  as  a 
function  of  Fermi  level  for  native 
point  defects  in  GaN.  Ga-rich 
conditions  are  assumed.  The  zero 
of  Fermi  level  corresponds  to  the 
top  of  the  valence  band.  Only 
segments  corresponding  to  the 
lowest-energy  charge  states  are 
shown.  The  slope  of  these  seg¬ 
ments  indicates  the  charge  state. 
Kinks  in  the  curves  indicate  tran¬ 
sitions  between  different  charge 
states. 


For  our  investigations  of  point-defect  diffusion,  we  focused  on  self-interstitials  and  va¬ 
cancies.  Antisites  are  high  in  energy  (see  Fig.  1)  and  we  have  no  reason  to  believe  they 
play  an  important  role  under  either  equilibrium  or  non-equilibrium  conditions. 

2.b.  Gallium  interstitials  (Gad 
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Detailed  experimental  data  are  available  for  the  gallium  interstitial.  Using  electron  par¬ 
amagnetic  resonance,  Chow  et  al.  [R17]  studied  point  defects  created  by  electron  irradia¬ 
tion  at  low  temperature.  They  were  able  to  unambiguously  identify  the  Ga  interstitial, 
and  their  annealing  studies  indicated  that  this  interstitial  becomes  mobile  at  temperatures 
slightly  below  room  temperature.  An  activation  energy  of  0.7  eV  was  estimated. 

Our  calculations  indicate  that  in  wurtzite  GaN,  the  gallium  interstitial  favors  a  site 
near  the  octahedral  interstitial  site,  at  the  center  of  the  hexagonal  channel.  We  call  this 
site  O’  to  distinguish  it  from  the  ideal  octahedral  interstitial  O  site.  As  shown  in  Fig.  1, 
the  stable  charge  states  are  3+  and  1+,  meaning  that  Ga,  always  acts  as  a  donor.  Its  for¬ 
mation  energy  is  lowest  (but  still  higher  than  that  of  the  nitrogen  vacancy)  for  Fermi-level 
positions  near  the  valence-band  maximum  (VBM),  i.e.,  under  p-type  conditions.  The  +2 
state  is  not  thermodynamically  stable,  and  the  l-i-  charge  state  is  stable  at  higher  Fermi 
levels,  where  the  high  formation  energy  renders  its  formation  unlikely  under  equilibrium 
conditions.  However,  Ga  interstitials  can  be  induced  by  non-equilibrium  processes,  such 
as  in  the  irradiation  experiments  of  Ref.  [R17]. 

The  high  formation  energy  of  the  Ga  interstitial  is  caused  by  the  large  size  of  the 
Ga  atom,  which  does  not  “fit”  inside  the  interstitial  space  available  in  the  GaN  lattice 
with  its  small  lattice  parameters.  One  might  therefore  think  that  the  Ga  interstitial  will 
also  have  trouble  moving  through  this  lattice,  i.e.,  that  the  migration  barrier  will  be  high. 
This  is  not  the  case.  In  fact,  the  migration  barrier  is  the  energy  difference  between  the 
saddle-point  and  the  ground-state  configurations;  if  both  are  high  in  energy,  their  differ¬ 
ence  can  be  modest,  resulting  in  a  moderate  barrier. 

We  investigated  migration  paths  parallel  to  the  c  axis  (||  c)  as  well  as  in  directions 
perpendicular  to  the  c  axis  (_Lc).  In  these  investigations  we  were  aided  by  our  previous 
work  on  diffusion  of  beryllium  interstitials  in  GaN  (also  carried  out  during  this  program, 
see  Ref.  [P2]).  First  we  tracked  the  migration  path  along  the  hexagonal  channel,  resulting 
in  a  barrier  height  of  ~3.0  eV.  Further  investigations  showed,  however,  that  another  mi¬ 
gration  path  exists  with  a  much  lower  barrier.  In  the  case  of  the  Be  interstitial  [P2],  the 
migration  proceeded  by  the  interstitial  moving  from  its  stable  configuration  at  O’  through 
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a  saddle  point  at  the  tetrahedral  interstitial  site  (T)  to  an  O’  site  within  the  same  basal 
plane  in  an  adjacent  hexagonal  channel.  This  whole  process  occurred  with  a  much  lower 
migration  barrier  (1.2  eV)  than  migration  through  the  hexagonal  channel  (which  cost 
about  3  eV  for  Be,j.  A  similar  situation  occurs  for  Ga„  but  now  the  diffusing  atom  is  the 
same  element  as  one  of  the  host  atoms,  and  therefore  diffusion  can  proceed  via  the  so- 
called  interstitialcy  mechanism. 

Figure  2  shows  a  plot  of  the  potential  energy  along  the  migration  path.  This  curve 
indicates  that  a  local  minimum  occurs  along  the  path;  we  call  this  the  A  site.  At  the  A  site 
the  interstitial  forms  a  split-interstitial  configuration  with  a  Ga  host  atom.  When  the  in¬ 
terstitial  is  moved  further  towards  T,  it  actually  replaces  the  Ga  host  atom;  i.e.,  it  knocks 
the  Ga  host  atom  out  of  its  lattice  site,  forcing  it  to  become  the  new  interstitial,  which  will 
move  towards  an  O’  site  in  an  adjacent  hexagonal  channel.  This  new  O’  site  is  located  in 
a  basal  plane  different  from  the  site  that  was  the  starting  point;  i.e.,  this  migration  path 
can  apply  to  diffusion  both  parallel  to  c  and  perpendicular  to  c  -  unlike  the  case  of  the  Be 
interstitial,  where  a  clear  anisotropy  in  the  diffusion  occurred.  As  shown  in  Fig.  2,  the 
barrier  along  the  migration  path  is  less  than  1.0  eV. 

Our  most  detailed  investigations  were  carried  out  for  the  Ga  interstitial  in  the  3+ 
charge  state.  However,  our  studies  show  a  very  similar  migration  path,  with  possibly 
slightly  lower  barriers,  for  the  +2  and  +1  charge  states.  In  the  experiments  of  Ref.  [R17], 
n-type  material  was  used,  and  therefore  the  relevant  charge  state  was  likely  to  be  +1.  Our 
results,  which  show  that  migration  of  the  Ga  interstitial  can  proceed  with  a  barrier  of  less 
than  1  eV,  are  in  good  agreement  with  the  experimental  observations  of  Ref.  [R17].  Fi¬ 
nally,  we  note  that  the  transition  level  between  the  +3  and  +1  charge  states  of  the  Ga  in¬ 
terstitial  occurs  at  2.5  eV  above  the  valence  band  in  our  calculations.  This  position  of  the 
defect  level  is  consistent  with  the  PL  emission  around  0.9  eV  that  has  been  observed  in 
samples  containing  Ga  interstitials  [R17]. 
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Figure  2:  Total  energy  (referenced  to  the  ground-state  configuration)  of  Ga,^^  as  a  func¬ 
tion  of  the  horizontal  distance  of  the  Ga,  atom  measured  from  the  center  of  the  hexago¬ 
nal  channel  towards  the  T  site.  By  the  time  the  Ga,  has  reached  the  T  site,  it  has  moved 
through  a  triangle  of  N  atoms  and  replaced  a  Ga  host  atom,  pushing  the  original  Ga  host 
atom  off  its  lattice  site  to  become  the  new  Ga,. 


2.C.  Nitrogen  interstitials  (N,~) 

For  nitrogen  interstitials,  the  ground  state  consists  of  a  split  interstitial  in  which  the  N, 
forms  a  short  bond  with  one  of  the  host  N  atoms,  sharing  its  lattice  site.  This  configura¬ 
tion  is  energetically  preferred,  by  a  large  margin,  over  other  interstitial  positions  such  as 
the  octahedral  {O)  or  tetrahedral  (7)  interstitial  sites,  due  to  the  large  binding  energy  of 

the  N2  molecule.  N,  can  occur  in  various  charge  states,  as  shown  in  Fig.  1 . 
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The  details  of  the  atomic  structure  vary  with  the  charge  state  of  the  defect,  with 
the  N-N  bond  distance  varying  from  1.45  A  in  the  1-  charge  state  to  1.12  A  in  the  3+ 
charge,  but  the  split-interstitial  configuration  is  common  to  all  charge  states.  Note  that 
the  N-N  bond  distances  are  comparable  to  the  bond  distance  of  N2  ( 1 .0975  A).  Since  the 
host  atom  shares  its  lattice  site  with  the  interstitial,  it  is  not  clear  which  of  the  two  atoms 
is  the  interstitial  N;  both  should  be  regarded  on  equal  footing.  Nitrogen  interstitials  have 
fairly  high  formation  energies  for  all  Fermi  level  positions  (Fig.  1).  They  are  thus  un¬ 
likely  to  occur  in  thermal  equilibrium.  However,  their  formation  may  be  induced  under 
non-equilibrium  conditions,  for  instance  under  irradiation  [R18,R19]. 

Nitrogen  interstitials  diffuse  via  an  interstitialcy  mechanism  as  illustrated  in 
Fig.  3.  Note  that  the  atomic  positions  in  Fig.  2  do  not  reflect  the  actual  relaxations;  the 
figure  merely  serves  as  a  schematic  for  illustrating  the  diffusion  process.  As  expected, 
the  saddle  point  occurs  near  the  position  where  the  traveling  N  atom  is  equidistant  be¬ 
tween  two  nominal  nitrogen  lattice  sites.  Our  extensive  investigations  of  the  migration 
paths  resulted  in  the  following  migration  barriers  for  the  various  charge  states:  1.6  eV  for 
1-,  2.4  eV  for  0,  2.1  eV  forl-i-,  2.5  eV  for  2+,  and  1.4  eV  for  3+.  Our  calculated  migra¬ 
tion  barriers  indicate  that  nitrogen  interstitials  could  become  mobile  at  temperatures 
around  200  °C,  at  least  for  the  —  and  for  the  3+  charge  states  (which  are  probably  most 
likely  to  occur,  under  n-type,  resp.  p-type  conditions). 

In  addition  to  the  diffusion  process  discussed  above,  N,-  could  also  move  in  a  di¬ 
rection  perpendicular  to  [0001]  (J_c).  This  involves  one  of  the  N  atoms  in  the  split- 
interstitial  configuration  breaking  away  from  its  pair  and  traveling  in  the  basal  plane  to 
bond  with  another  N  in  the  same  plane.  Our  calculations  indicated  that  this  barrier  is 
higher  than  the  barrier  for  the  process  illustrated  in  Fig.  3.  Since  the  process  of  Fig.  3  can 
result  in  motion  both  parallel  to  c  and  perpendicular  to  c,  diffusion  along  both  directions 
will  be  governed  by  the  same  barrier;  i.e.,  no  anisotropy  will  occur. 
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Figure  3:  Schematic  illustration  of  the  migration  of  interstitial  nitrogen  via  an  intersti- 
cialcy  mechanism,  (a)  Ground  state,  (b)  Saddle-point  configuration,  (c)  New  ground 
state,  after  one  migration  step.  Large  circles  represent  Ga  atoms,  medium  circles  N  at¬ 
oms,  and  shaded  medium  circles  highlight  N  atoms  involved  in  the  migration.  Dashed 
circles  indicate  ideal  atomic  position  of  the  lattice  N,  dashed  lines  bonds  in  the  ideal  lat¬ 
tice.  The  numbers  in  square  brackets  identify  the  migrating  atoms.  The  center  of  mass 
of  the  two  closest  nitrogen  atoms  is  also  indicated. 


We  have  also  performed  investigations  of  a  complex  consisting  of  two  nitrogen 
interstitials  (2N,).  Together  with  a  N  host  atom  to  which  they  bind,  these  nitrogens  can 
form  a  trimer.  Alternatively,  the  complex  can  be  regarded  as  an  interstitial  N2  molecule. 
For  Fermi-level  positions  in  a  range  around  midgap,  this  new  complex  has  a  lower  for- 
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mation  energy  than  two  separate  N,.  Various  distinct  configurations  of  the  2N,  complex 
were  found  to  have  very  similar  energies.  In  addition,  a  complex  composed  of  two  N,  in 
split-interstitial  configurations  on  adjacent  N  lattice  sites  was  also  found  to  have  lower 
formation  energy  than  the  isolated  N,.  The  complexity  of  investigating  migration  of  a 
complex  with  multiple  constituents  has  precluded  us  from  obtaining  a  firm  value  for  the 
migration  barrier.  However,  the  similarity  in  formation  energies  among  different  con¬ 
figurations  may  indicate  that  this  complex  could  migrate  with  rather  low  migration  barri¬ 
ers. 

Such  a  complex  could  then  be  a  candidate  to  explain  the  migration  phenomena 
that  have  been  observed  to  occur  at  very  low  temperatures.  For  instance,  the  low- 
temperature  irradiation  studies  by  Chow  et  al.  [R17]  indicated  that  the  LI  defect  is  not 
present  right  after  irradiation,  but  starts  forming  by  annealing  at  temperatures  as  low  as 
135  K.  Motion  at  this  temperature  requires  a  migration  barrier  as  low  as  0.4  eV.  In  other 
experiments,  Zhou  and  Manasreh  [R19]  reported  that  the  optical  absorption  associated 
with  nitrogen  vacancies  in  AlGaN  annealed  out  with  an  activation  energy  around  0.4-0.5 
eV.  As  we  will  see  below,  the  migration  barrier  of  the  nitrogen  vacancy  itself  is  almost 
an  order  of  magnitude  larger  than  this  value  -  but  nitrogen  vacancies  could  of  course  also 
be  annihilated  due  to  recombination  with  mobile  nitrogen  interstitials.  As  reported 
above,  the  isolated  nitrogen  interstitials  have  migration  barriers  of  at  least  1.4  eV.  Our 
investigations  of  complexes  consisting  of  two  nitrogen  interstitials  suggest  that  they 
could  be  responsible  for  the  moving  species  with  a  barrier  around  0.4  eV. 

2.d.  Nitrogen  vacancies  (Vn) 

Nitrogen  vacancies  have  low  enough  energies  to  occur  under  thermal  equilibrium  condi¬ 
tions  in  p-type  GaN.  The  stable  charge  states  for  Vn  in  GaN  are  1+  and  3+.  The  2+ 
charge  state  is  never  stable;  this  is  characteristic  of  a  negative- C/  impurity,  and  is  usually 
associated  with  a  strikingly  large  lattice  relaxation  of  one  of  the  charge  states.  Indeed,  in 
the  ground  state,  the  neighboring  atoms  Vn^  relax  outward  by  (on  average)  3.7  %  (ex¬ 
pressed  as  a  fraction  of  the  Ga-N  bond ).  But  in  the  ground  state  of  the  neighboring 
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atoms  relax  outward  by  14.6  %  on  average.  The  transition  level  e{3+/+}  between  the  3+ 
and  +  charge  states  was  found  at  0.59  eV  above  the  valence-band  maximum  (VBM). 
This  means  the  3+  charge  state  is  stable  under  p-type  conditions,  and  its  low  formation 
energy  indicates  that  nitrogen  vacancies  can  be  a  serious  source  of  compensation  in  p- 
type  GaN.  Note  that  the  formation  energy  of  Vn"^  increases  with  the  Fermi  level  (see  Fig. 
1),  so  that  nitrogen  vacancies  are  unlikely  to  occur  in  n-type  GaN  -  a  conclusion  that 
seems  to  be  well  accepted  now  but  was  quite  controversial  when  we  first  reported  it  [R5]. 

We  obtained  the  migration  barrier  of  the  nitrogen  vacancy  by  calculating  the  en¬ 
ergy  needed  to  move  a  nitrogen  atom  from  its  nominal  lattice  adjacent  to  the  vacancy 
along  a  path  towards  the  vacancy,  leaving  a  vacancy  behind  at  the  original  lattice  site. 
The  path  is  illustrated  in  Fig.  4. 


Figure  4:  Ball-and-stick  model  of  atomic  positions  describing  the  diffusion  process 
of  the  nitrogen  vacancy,  (a)  Illustration  of  the  migration  path,  (b)  The  saddle-point  con¬ 
figuration  of  Vn^^.  (c)  The  saddle-point  configuration  of  Vn^.  Large  spheres  represent 
Ga  atoms,  medium  spheres  N  atoms,  and  the  black  dot  shows  the  ideal  lattice  site  of  the 
vacancy.  The  percentages  denote  the  changes  from  the  bulk  Ga-N  bond  length. 


We  define  the  coordinate  along  the  path  as  the  angle  0  of  the  bond  between  the 
migrating  N  atom  and  the  ideal  lattice  site  of  the  Ga  atom  at  the  pivot  point,  measured 
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from  the  [0001]  direction.  The  saddle  point  along  the  migration  path  occurs  at  an  angle  0 
of  about  50°.  For  the  nitrogen  vacancy  (Fn),  we  find  a  high  migration  barrier  for  Vn"^  (>4 
eV),  suggesting  Vn"^  will  only  be  mobile  near  the  growth  temperature.  on  the  other 
hand,  which  can  form  in  p-type  material,  exhibits  a  much  lower  migration  barrier  of  2.6 
eV.  We  propose  the  following  explanation  for  this  large  difference:  for  Vn"^,  the  saddle- 
point  configuration  can  be  regarded  as  a  complex  consisting  of  two  nitrogen  vacancies 
and  one  nitrogen  interstitial:  2Vn'^  +  Nf,  where  the  charges  have  been  chosen  such  that 
the  total  charge  of  the  complex  (1+)  is  maintained.  Similar  arguments  for  the  saddle 
point  of  suggest  a  complex  consisting  of  2Vn'^  +  N,"^.  The  energy  of  the  2Vn  +  N,- 
complex  will  differ  mainly  due  to  the  different  charge  on  N,  (assuming  no  change  in 
binding  energy  of  the  complex).  If  we  now  assume  that  the  Fermi  level  is  0.5  eV  above 
the  VBM  (a  typical  value  if  we  want  to  be  stable)  then  the  energy  difference  be¬ 
tween  2Vn’^  +  Nr  and  2Vn‘^  +  is  2.5  eV.  This  difference  is  consistent  with  the  large 
difference  in  migration  barriers  between  and 

The  migration  path  described  above  can  account  for  motion  along  the  c  axis  (||  c) 
as  well  as  in  directions  perpendicular  to  the  c  axis  (Tc).  We  have  also  studied  a  migra¬ 
tion  path  that  would  account  exclusively  for  in-plane  (±c)  diffusion,  by  moving  a  nitro¬ 
gen  atom  from  the  same  basal  plane  as  the  vacancy  towards  the  vacancy.  Note  that  this 
path  would  be  relevant  only  if  it  results  in  a  lower  barrier  than  the  barriers  calculated 
above.  This  is  because  diffusion  ±c  can  also  be  accomplished  via  the  diffusion  process 
described  above,  which  creates  lateral  as  well  as  vertical  displacement.  Our  calculated 
migration  barriers  for  the  in-plane  motion  were  higher  than  the  ones  calculated  above  for 
both  charge  states.  Therefore,  migration  of  Vn"^  and  will  be  governed  by  the  same 
barriers  for  diffusion  ||  c  and  J-c.  No  anisotropy  should  be  observed. 

2.e.  Gallium  vacancies  (Vr.a) 

Our  investigations  of  gallium  vacancies  were  performed  using  an  approach  similar  to  that 
used  for  nitrogen  vacancies,  i.e.,  a  neighboring  Ga  atom  was  moved  towards  the  vacancy 
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and  the  potential  energy  along  that  path  was  evaluated.  A  migration  barrier  of  2.0  eV 

n_ 

was  obtained  for  Vca  ,  the  most  relevant  charge  state. 

Our  results  for  gallium  vacancies  are  in  good  agreement  with  the  positron  annihi¬ 
lation  experiments  of  the  group  of  Saarinen  [R20,R21].  In  Ref.  [R20]  they  showed  that 
concentrations  of  gallium  vacancies  are  higher  in  «-type  material  than  in  p-type  or  semi- 
insulating  material,  consistent  with  our  calculated  formation  energies  (Fig.  1).  They  also 
showed  that  gallium  vacancies  have  higher  concentrations  in  oxygen-rich  material,  con¬ 
sistent  with  our  prediction  [R22]  that  a  Vca-O  complex  can  form  with  a  binding  energy  of 
1.8  eV. 

Note  that  our  theoretical  work  indicates  that  the  gallium  vacancy  could  give  rise 
to  a  variety  of  transitions  in  the  yellow  and  green  region  of  the  spectrum.  The  transition 
level  between  the  3-  and  2-  charge  states  of  the  isolated  vacancy  occurs  at  1.1  eV  above 
the  VBM  ([R22]  and  Fig.  1]),  which  formed  the  basis  for  our  prediction  that  gallium  va¬ 
cancies  are  responsible  for  the  “yellow  luminescence”.  We  have  also  pointed  out,  how¬ 
ever,  that  the  2-/1-  transition  level  occurs  at  only  slightly  lower  energy  (which  would 
push  the  emission  towards  the  green).  Complex  formation  with  oxygen  also  pushes  the 
level  down  (i.e.,  towards  green  emission).  These  results  may  well  explain  the  observa¬ 
tions  of  green  and  yellow  luminescence  in  freestanding  GaN  templates  by  Reshchikov  et 
al.  [R23]. 

Saarinen  et  al.  also  applied  positron  annihilation  spectroscopy  to  study  thermal 
annealing  of  gallium  vacancies  [R2]].  Vacancies  induced  by  electron  irradiation  were 
found  to  anneal  out  in  long-range  migration  processes  at  500-600  K  with  an  estimated 
migration  energy  of  1.5  eV,  in  reasonable  agreement  with  our  calculated  migration  bar¬ 
rier  of  2.0  eV.  Native  Ga  vacancies  in  as-grown  GaN,  on  the  other  hand,  survived  up  to 
much  higher  temperatures  (1300-1500  K),  leading  to  the  conclusion  that  they  are  stabi¬ 
lized  by  forming  complexes  with  oxygen  impurities.  The  estimated  binding  energy  of  2.2 
eV  of  such  complexes  is  in  agreement  with  our  theoretical  predictions  [R22]. 

As  an  additional  prediction,  we  comment  on  self-diffusion.  The  activation  energy 
for  self-diffusion  is  the  sum  of  the  formation  energy  of  the  defect  and  the  migration  en- 
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ergy.  Under  n-type  conditions,  the  formation  energy  of  Vca^”  is  in  the  range  of  1  to  2  eV. 
Adding  the  migration  energy,  the  activation  energy  for  self-diffusion  would  be  between  3 
and  4  eV.  An  activation  energy  of  3  eV  would  imply  that  self-diffusion  due  to  gallium 
vacancies  could  occur  at  temperatures  around  800  °C.  This  is  certainly  consistent  with 
the  notion  that  gallium  vacancies  play  a  role  in  interdiffusion  of  InGaN  quantum  wells,  as 
discussed  in  Ref.  [23]  (see  below). 

2. e.  Hydrogen 

Hydrogen  is  a  common  unintentional  impurity  in  GaN.  Knowledge  of  its  diffusivity  is 
important,  for  instance  for  optimizing  the  thermal  activation  process  that  is  necessary  to 
render  acceptor-doped  GaN  grown  by  MOCVD  p-type  conductive.  We  performed  a  de¬ 
tailed  study  of  the  stability  and  diffusivity  of  monatomic  (H"^  and  and  molecular  (H2) 
hydrogen  in  wurtzite  GaN,  as  documented  in  Ref.  [PI 5].  Diffusion  barriers  in  the  direc¬ 
tion  parallel  to  [0001]  (||  c)  and  perpendicular  to  [0001]  (.Lc)  were  calculated.  For  the 
diffusion  barriers  are  low  and  almost  isotropic  at  0.9  eV,  slightly  higher  than  in  the  zinc- 
blende  phase.  For  H“  the  diffusion  barriers  are  significantly  lower  than  in  zinc-blende 
GaN,  with  values  of  2.0  eV  (||  c)  and  2.2  eV  (±c).  The  diffusion  barriers  for  H2  are  rela¬ 
tively  high:  2.0  eV  (||  c)  and  2.3  eV  (J-c),  and  we  propose  that  diffusion  of  H2  is  more 
likely  to  proceed  by  dissociation  followed  by  diffusion  of  monatomic  H"^. 

3.  Relation  between  point  defects  and  extended  defects 
3. a.  Threading  dislocations  in  GaN:  the  screw  dislocation 

These  studies  were  described  in  detail  in  our  Progress  Report  for  the  period  August  1, 
2000  -  July  31,  2001,  and  in  publications  [P7]  and  [P12].  Summary: 

Dislocations  are  abundant  and  problematic  in  GaN  epitaxial  films  and  devices. 
They  are  sources  of  non-radiative  recombination  and  pathways  for  current  flow  under 
reverse  bias  conditions.  And  although  it  is  clear  that  the  electrical  activity  depends  on  the 
atomic  structure  of  the  dislocation  core,  little  is  known  about  the  core  structure.  Conse¬ 
quently,  there  is  a  need  for  both  experimental  and  theoretical  study  of  dislocations.  This 
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need  was  addressed  in  our  theoretical  study  of  screw  dislocations  in  GaN.  Possible  mod¬ 
els  for  the  pure  screw  dislocation  were  developed  and  density-functional-theory  calcula¬ 
tions  of  the  relative  stability  of  these  models  were  performed.  The  two  standard  models 
for  the  screw  dislocation  are  the  full  core  model  and  the  hollow  core  model.  In  the  full 
core  model  the  stoichiometry  is  the  same  as  that  of  bulk  GaN,  however,  the  atoms  near 
the  core  are  very  highly  strained.  The  hollow  core  model  is  obtained  by  removing  all  of 
the  highly  strained  atoms  from  the  core.  This  results  in  the  presence  of  Ga  and  N  dan¬ 
gling  bonds  on  the  walls  of  the  hollow  core.  Our  calculations  predict  that  neither  of  these 
models  is  an  equilibrium  structure.  In  Ga-rich  growth  conditions  the  equilibrium  struc¬ 
ture  is  a  core  containing  only  Ga  atoms,  i.e.  all  the  N  atoms  are  missing  from  the  core  re¬ 
gion.  The  Ga  atoms  in  the  core  form  a  pair  of  helical  chains.  This  new  model  provides  a 
natural  explanation  for  Z-contrast  TEM  images  that  appear  to  show  a  filled  core  [R25]. 
As  one  moves  back  towards  N-rich  conditions  it  is  energetically  favorable  to  add  N  back 
into  the  core,  and  in  the  N-rich  limit  the  lowest  energy  structure  contains  both  N  and  Ga 
atoms.  Electronic  structure  calculations  were  performed  and  it  was  found  that  the  dislo¬ 
cation  would  be  electrically  active  in  both  Ga-rich  and  N-rich  conditions.  The  electrical 
activity  can  be  traced  to  the  existence  of  dangling  bonds  that  are  present  on  Ga  atoms. 
These  results  can  be  used  to  interpret  the  recent  experimental  results  by  Hsu  et  al.  [R26], 
who  found  that  screw  dislocations  are  sources  of  non-radiative  recombination  and  can 
give  rise  to  large  leakage  currents. 

3.b.  Interaction  of  hydrogen  with  dislocations 

An  important  question  is  whether  the  hydrogen  that  is  present  in  MOCVD  growth  of  GaN 
can  interact  strongly  with  dislocations  and  change  the  atomic  structure  and  electrical  ac¬ 
tivity.  We  therefore  initiated  an  investigation  into  this  possibility.  Specifically  we  in¬ 
vestigated  a  model  in  which  all  of  the  N  and  Ga  dangling  bonds  that  would  be  present  in 
the  hollow  core  model  are  saturated  by  H  atoms.  This  structure  contains  no  dangling 
bonds  and  hence  this  type  of  dislocation  would  be  electrically  inactive.  The  relative  sta¬ 
bility  of  this  structure  with  respect  to  the  other  possible  models  (without  hydrogen)  was 
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determined  as  a  function  of  the  hydrogen  chemical  potential.  The  hydrogen  chemical 
potential  under  MOCVD  growth  conditions  can  be  obtained  as  a  function  of  the  gas 
phase  pressure  and  the  temperature.  In  this  way  it  was  determined  that  in  Ga-rich  condi¬ 
tions  the  stability  of  the  H-passivated  dislocation  requires  the  temperature  to  be  below 
about  800  K  and  in  N-rich  conditions  the  temperature  must  be  below  1200  K.  In  both 
cases  it  appears  that  the  typical  MOCVD  temperature  of  1350  K  is  too  high  to  allow  the 
stability  of  the  H-passivated  cores.  However,  hydrogenation  at  lower  temperatures 
should  cause  the  core  structure  to  change.  This  work  is  described  in  a  paper  that  will  be 
published  in  Physical  Review  B  [P12]. 

3.C.  Interaction  of  silicon  with  screw  dislocations 

The  question  of  how  dopants  and  other  impurities  interact  with  dislocations  is  an  impor¬ 
tant  one,  and  we  performed  research  to  address  this  question  in  the  case  of  Si.  Silicon  is  a 
donor  in  GaN  and  one  expects  Si  donors  near  dislocations  to  become  ionized  by  transfer¬ 
ence  of  an  electron  to  an  unfilled  dislocation  state  in  the  gap.  One  would  then  expect  the 
electrostatic  interaction  to  give  rise  to  an  attractive  force  between  the  ionized  Si  atom  and 
the  dislocation.  Calculations  were  performed  for  Si  replacing  three  different  types  of  Ga 
sites  near  the  core  of  the  dislocation.  These  sites  are  designated  as  the  bulk  site,  the  wall 
site,  and  the  helix  site.  In  the  bulk  site  the  Si  atom  is  four-fold  coordinated.  It  is  bonded 
to  four  N  atoms  -  as  is  a  normal  Si  donor  in  bulk  GaN.  In  the  wall  site  the  Si  is  bonded 
to  three  N  atoms  and  has  a  dangling  bond.  In  the  helix  site  the  Si  is  bonded  to  two  Ga 
atoms  and  to  one  N  atom.  The  bulk  site  has  the  lowest  energy  and  relative  to  it  the  ener¬ 
gies  of  the  wall  site  and  the  helix  site  are  higher  by  1.2  and  2.0  eV  |P19].  This  result  in¬ 
dicates  that  in  addition  to  electrostatic  energy  considerations  -  which  should  favor  the 
wall  and  helix  sites  -  the  local  bonding  properties  of  the  impurity  play  an  important  role 
in  governing  the  energetics.  In  this  case  the  preferred  site  for  the  Si  is  determined  by  the 
preference  for  forming  as  many  Si-N  bonds  as  possible. 
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These  results  illustrate  the  important  interactions  that  can  take  place  between  im¬ 
purities  and  extended  defects.  We  believe  that  the  interaction  of  other  impurities  and 
point  defects  with  dislocations  is  an  interesting  area  for  future  research. 

4.  Effect  of  impurities  on  the  lattice  parameters 

Our  results  were  described  in  detail  in  our  Progress  Reports  for  the  periods  May  1 ,  2000- 
July  31 , 2000  and  August  1 , 2000  -  July  31 ,  2001 ;  they  have  been  submitted  for  publica¬ 
tion  [P13].  Brief  summary: 

Nitride  semiconductors  frequently  contain  large  concentrations  of  impurities, 
which  are  introduced  either  intentionally  (in  the  case  of  dopants  such  as  Mg  or  Si)  or  un¬ 
intentionally  (in  the  case  of  contaminants  such  as  oxygen).  Thin  epitaxial  nitride  films 
are  also  usually  strained.  The  role  of  impurities  as  a  cause  of  this  strain  has  been  debated; 
we  have  performed  a  first-principles  investigation  of  these  effects.  The  key  results  are: 

4.a.  Silicon 

Incorporation  of  silicon  has  only  a  minor  effect  on  the  lattice  parameters.  This  allows  us 
to  conclude  that  the  changes  in  lattice  constant  that  have  been  observed  as  a  function  of 
Si  concentration  [R27]  can  not  be  attributed  to  lattice  distortions  caused  by  the  substitu¬ 
tion. 

4.b  Oxygen 

Incorporation  of  oxygen  leads  to  an  expansion  of  the  lattice.  For  instance,  for  an  oxygen 
concentration  of  10^°  cm'^  we  find  a  lattice  expansion  Aa/a=0.0002,  which  is  measurable 
in  X-ray  diffraction.  This  finding  impacts  the  accepted  values  of  the  lattice  parameters  of 
“pure”  bulk  GaN.  These  parameters  have  usually  been  obtained  from  measurements  on 
bulk  crystals  [R28].  These  bulk  crystals  have  been  revealed  to  contain  large  concentra¬ 
tions  of  oxygen  [R29].  We  suggest  that  the  observed  difference  in  lattice  constants  of 
bulk  crystals  between  “undoped”  GaN  and  “Mg-doped”  GaN  [R29]  is  due  to  the  incorpo¬ 
ration  of  oxygen. 

4.C.  Maenesium 
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Incorporation  of  Mg  leads  to  a  fairly  large  lattice  expansion.  Incorporation  of  Mg  in  the 
large  concentrations  required  to  achieve  adquate  p-type  conductivity  may  thus  lead  to  an 
observable  change  in  the  lattice  constant. 

5.  Defects  in  alloys 

All  nitride-based  devices  rely  on  heterojunctions  between  GaN  and  other  Ill-nitride-based 
alloys,  and  hence  the  materials  properties  of  these  alloys  need  to  be  thoroughly  under¬ 
stood.  AlGaN  layers  play  a  crucial  role  in  barrier  layers  for  electronic  devices  such  as 
high  electron  mobility  transistors  (HEMTs),  as  well  as  in  lasers,  and  InGaN  layers  con¬ 
stitute  the  quantum  wells  at  the  heart  of  light  emitters.  Performing  explicit  calculations 
for  defect  configurations  is  a  complex  and  time-consuming  task;  indeed,  a  comprehensive 
study  would  involve  calculations  for  a  number  of  different  alloy  compositions,  and  for 
each  composition,  consideration  of  a  multiplicity  of  different  configurations.  For  in¬ 
stance,  a  nitrogen  vacancy  in  InGaN  could  be  surrounded  by  4  Ga,  or  3  Ga  and  1  In,  or  2 
Ga  and  2  In,  etc.  -  and  for  several  of  these  possibilities  different  configurational  ar¬ 
rangements  might  be  possible.  We  have  therefore  restricted  ourselves  (with  one  excep¬ 
tion)  to  the  more  limited  task  of  performing  defect  calculations  in  the  binary  compounds 
(InN  and  AIN,  in  addition  to  GaN),  and  drawing  conclusions  about  alloys  based  on  linear 
interpolation. 

The  one  exception  we  are  alluding  to  is  a  series  of  calculations  for  gallium  vacan¬ 
cies  in  InGaN  alloys.  As  reported  in  Ref.  [R24],  gallium  vacancies  are  likely  to  play  a 
role  in  the  observed  phase  separation  in  InGaN  multiple  quantum  wells  annealed  at  high 
nitrogen  pressures.  Such  phase  separation  is  caused  by  diffusion  of  the  constituents,  and 
is  a  very  serious  technological  issue  for  InGaN  quantum  wells  in  light-emitting  devices. 
Our  calculations  for  gallium  vacancies  in  InGaN  alloys  (for  one  particular  alloy  compo¬ 
sition,  namely  6.25%)  indicated  that  the  formation  energy  of  Vba  is  lowered  when  the  va¬ 
cancy  is  created  in  the  vicinity  of  an  In  atom.  This  results  in  enhanced  formation  of  such 
vacancies  in  InGaN  layers,  which  may  contribute  to  the  observed  interdiffusion  [R24]. 
This  lowering  of  the  formation  energy  is  an  alloy-specific  effect  that  was  not  expected  on 
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the  basis  of  the  formation  energies  of  cation-site  vacancies  in  GaN  (Fig.  1)  and  InN  (Ref. 
[R30]). 

Overall,  however,  interpolation  between  the  binary  compounds  can  provide  a  rea¬ 
sonable  idea  of  the  behavior  of  point  defect  energies  in  alloys.  For  InGaN,  the  point- 
defect  energies  in  InN  were  reported  in  Ref.  [R30].  For  AlGaN,  we  performed  a  compre¬ 
hensive  investigation  of  point  defects  in  AIN  in  the  course  of  the  present  program  (see 
Ref.  [P6].  The  main  results  are  that  (1)  has  the  lowest  formation  energy  in  p-type 
material,  and  Vai'^”  has  the  lowest  formation  energies  in  n-type  material;  the  dominating 
compensating  centers  are  therefore  similar  to  the  corresponding  ones  in  GaN;  and  (2)  the 
formation  energy  of  the  nitrogen  vacancy  is  high  in  n-type  AIN,  indicating  that  this  defect 
is  not  expected  to  occur  in  high  concentrations. 

The  electronic  structure  of  the  nitrogen  vacancy  is  qualitatively  different  in  AIN 
compared  to  GaN:  in  GaN  the  higher  lying  defect-induced  level  is  a  resonance  in  the 
conduction  band,  but  in  (wurtzite)  AIN  it  lies  well  below  the  conduction-band  edge.  The 
nitrogen  vacancy  is  thus  a  shallow  donor  in  GaN,  but  a  deep  donor  in  wurtzite  AIN.  In¬ 
terpolation  of  these  results  between  GaN  and  AIN  leads  to  a  position  of  the  VN-induced 
defect  level  in  agreement  with  the  measurements  in  the  group  of  M.  O.  Manasreh  [R18, 
R19]. 

While  we  believe  our  present  study  has  produced  important  conclusions,  addi¬ 
tional  work  will  clearly  be  required  in  order  to  fully  understand  and  control  defect  forma¬ 
tion  and  doping  in  alloys.  In  particular,  AlGaN  layers  with  increasingly  high  A1  content 
are  being  pursued  for  electronic  and  optoelectronic  (UV  emitting)  devices.  Such  alloys 
are  known  to  be  very  difficult  to  dope  (both  p-type  and  «-type),  and  new  types  of  detri¬ 
mental  radiative  as  well  as  nonradiative  recombination  channels  appear  as  the  band  gap 
increases.  Additional  investigations  of  dopants,  unintentional  impurities,  and  isoelec- 
tronic  centers,  and  of  the  interaction  of  point  defects  with  all  of  the  above,  would  be 
highly  beneficial. 
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6.  Defect  creation  driven  by  polarization  fields 

Polarization  fields  play  an  important  in  the  nitrides.  Even  in  the  absence  of  strain  (which 
leads  to  piezoelectric  fields),  spontaneous  polarization  is  present.  In  macroscopic  sam¬ 
ples  the  resulting  electric  fields  are  screened,  but  on  microscopic  length  scales  the  fields 
could  still  provide  a  driving  force  for  defect  creation.  Large  fields  also  occur  in  heter¬ 
ostructures  and  quantum  wells.  We  originally  planned  to  investigate  how  the  formation 
energy  of  native  point  defects  is  affected  by  the  presence  of  these  fields.  This  task  turned 
out  to  be  more  difficult  than  anticipated  due  to  two  problems:  (1)  the  technical  issues  as¬ 
sociated  with  incorporating  fields  in  the  first-principles  calculations;  and  (2)  the  uncer¬ 
tainty  that  still  existed  regarding  the  magnitude  of  polarization  fields,  and  the  extent  to 
which  they  are  screened. 

In  the  course  of  the  program  we  were  actually  able  to  contribute  to  progress  in  the 
latter  area,  in  conjunction  with  electroabsorption  measurements  [R31].  The  electroab¬ 
sorption  technique  allows  the  exact  quantitative  analysis  of  absorption  and  absorption 
changes  in  the  InGaN  quantum  wells  and  barrier  layers.  The  technique  thus  allows  a  pre¬ 
cise  determination  of  the  strong  internal  fields  that  originate  from  strain-induced  polari¬ 
zation  and  differences  in  the  spontaneous  polarization.  The  measurements  were  per¬ 
formed  on  pin  diodes  with  the  InGaN-layer  inside  the  space-charge  region,  ensuring  that 
the  piezoelectric/internal  fields  are  not  influenced  by  free  carriers.  Theoretical  modeling 
of  the  device  structures  contributed  to  interpretation  of  the  experimental  results.  The 
fields  measured  on  functioning  diodes  varied  between  1.1  MV/cm  and  1.4  MV/cm  for 
indium  concentrations  in  the  InGaN  quantum  wells  ranging  from  ~  7%  to  9%.  These 
field  strengths  are  larger  than  previously  extracted  from  experimental  measurements. 

7.  Role  of  unintentional  impurities 
7.a.  Boron 

Our  results  for  boron  were  described  in  detail  in  our  Progress  Report  for  the  period  May 
1,  2000-July  31, 2000.  Brief  summary: 
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It  is  often  assumed  that  isoelectronic  impurities  are  electronically  inactive.  For 
instance,  incorporation  of  As  in  GaN  has  traditionally  been  assumed  to  lead  to  substitu¬ 
tion  on  the  N  site.  In  small  concentrations,  As  was  assumed  to  have  no  effect,  while  in 
large  concentrations  it  was  assumed  to  lead  to  formation  of  GaAsN  alloys.  We  recently 
showed  [R32]  that  As  may  actually  also  incorporate  on  the  Ga  site.  The  driving  force  is 
mainly  the  large  size  mismatch  that  exists  between  As  and  N:  placing  As  on  a  N  site  cre¬ 
ates  large  strains,  whereas  As  “fits”  quite  nicely  on  a  Ga  site.  There  is,  of  course,  an 
“electronic”  mismatch  for  As  on  a  Ga  site:  since  As  is  two  columns  to  the  right  of  Ga  in 
the  periodic  table,  it  acts  as  a  double  donor. 

It  is  interesting  to  contemplate  whether  similar  effects  may  occur  for  other  isoe¬ 
lectronic  impurities.  Boron  is  a  particularly  important  case.  It  may  occur  as  an  uninten¬ 
tional  impurity  during  MBE  growth  [R33],  and  there  has  been  some  speculation  that  bo¬ 
ron  might  act  as  an  acceptor  in  GaN.  The  driving  force  for  this  behavior  would  again  be 
a  preference  for  the  impurity  to  occupy  the  site  on  which  the  size  mismatch  is  minimized: 
B  would  prefer  the  N  site,  from  this  point  of  view.  On  this  site,  it  should  act  as  a  double 
acceptor. 

Our  first-principles  calculations  show  that  B  overwhelmingly  prefers  the  Ga  site, 
although  even  on  this  site  its  formation  energy  is  rather  high.  Formation  of  BGaN  alloys 
will  thus  be  difficult,  and  may  require  conditions  far  from  equilibrium.  The  configura¬ 
tion  with  B  on  a  N  site  is  much  higher  in  energy,  and  thus  exceedingly  unlikely  to  form. 
We  also  find  that  Boa  is  a  deep  acceptor,  and  would  not  be  useful  for  p-type  doping. 

7.b.  Hydrogen  in  nitride  semiconductors 

These  studies  were  described  in  detail  in  our  Progress  Report  for  the  period  August  1, 
2000  -  July  31,  2001,  and  in  publication  [P5].  Summary: 

Hydrogen  is  an  unintentional  impurity  that  can  have  a  major  effect  on  the  properties  of 
nitride  semiconductors.  Since  hydrogen  is  present  in  many  of  the  commonly  used  growth 
environments  for  nitrides,  its  incorporation  (if  energetically  favorable)  can  hardly  be 
avoided.  We  previously  performed  a  comprehensive  investigation  of  hydrogen  in  GaN 
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[R8,R34],  and  found  that  H  acts  as  a  donor  (H^)  in  p-type  GaN,  and  as  an  acceptor  (H") 
in  n-type  GaN.  Hydrogen  is  thus  an  amphoteric  impurity,  always  acting  as  a  compen¬ 
sating  center  and  counteracting  the  dominant  electrical  conductivity  of  the  material. 

In  the  course  of  the  present  program  we  investigated  hydrogen  in  AIN  and  InN 
[P5].  Indeed,  device  structures  usually  incorporate  layers  of  InGaN  and/or  AlGaN,  and 
also  pure  AIN  and  InN  are  being  pursued  in  their  own  right;  a  thorough  understanding  of 
hydrogen  in  these  materials  is  therefore  essential.  Our  results  for  AIN  show  that  the  be¬ 
havior  of  H  in  AIN  is  very  similar  to  GaN:  dominates  in  p-type,  H“  in  n-type.  Due  to 
the  larger  band  gap  of  AIN,  the  solubility  of  H  could  be  significantly  larger  than  in  GaN 
under  both  p-type  and  n-type  conditions. 

Our  results  for  H  in  InN,  however,  revealed  a  true  surprise:  H  in  InN  behaves  ex¬ 
clusively  as  a  donor.  I.e.,  it  is  not  amphoteric  as  in  GaN  and  AIN,  but  actually  contrib¬ 
utes  to  the  n-type  conductivity  of  the  material.  This  donor  behavior  is  due  to  the  fact  that 
and  H“  are  always  higher  in  energy  than  H"^,  making  the  only  stable  charge  state  for 
all  positions  of  the  Fermi  level. 

This  result  may  help  explain  why,  to  date,  InN  samples  have  typically  been  found 
to  be  highly  n-type.  Combined  with  our  previous  results  for  oxygen  and  silicon  as  impu¬ 
rities  in  InN  [R30],  we  find  that  that  all  potential  donor  impurities  in  InN  have  relatively 
low  formation  energies,  making  them  easy  candidates  for  unintentional  incorporation.  Of 
all  the  donors,  hydrogen  actually  has  the  lowest  formation  energy.  After  publication  of 
our  results  [P5],  the  experimental  work  of  Look  et  al.  [R35]  confirmed  the  suggestion 
that  hydrogen  may  be  an  important  donor  in  InN. 

7.C.  Carbon  in  GaN 

Carbon  is  a  common  unintentional  impurity  in  GaN.  For  instance,  in  MOCVD  growth  it 
can  be  incorporated  from  the  metal-organic  sources.  Carbon  is  known  to  act  as  an  ac¬ 
ceptor,  but  an  outstanding  question  is  whether  it  acts  as  a  deep  or  as  a  shallow  acceptor. 
Although  we  performed  a  large  number  of  calculations  on  carbon  acceptors  during  the 
course  of  this  program,  we  are  as  yet  unable  to  answer  this  question  regarding  its  ioniza- 
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tion  energy.  The  electronic  behavior  of  carbon  turns  out  to  be  exceedingly  sensitive  to 
the  details  of  the  first-principles  calculations,  such  as  choice  of  exchange-correlation  po¬ 
tential,  use  of  local-density  approximation  versus  generalized  gradient  approximation, 
use  of  the  nonlinear  core  correction,  etc.  Theoretical  resolution  of  the  issue  of  the  carbon 
ionization  energy  will  have  to  await  further  computational  developments,  which  we  are 
currently  planning. 

We  did  obtain  results  on  another  important  issue,  namely  the  structure  and  ener¬ 
getics  of  the  C-H  complex.  Since  both  carbon  and  hydrogen  are  abundantly  present  dur¬ 
ing  MOCVD  growth,  such  complexes  are  likely  to  be  incorporated.  We  find  the  lowest 
energy  configuration  for  hydrogen  bonded  to  the  carbon  atom  (on  a  nitrogen  site,  Cn), 
with  H  located  in  an  antibonding  position  (ABx).  The  AB||  configuration  (with  the  C-H 
bond  oriented  along  the  c  axis)  is  about  0.3  eV  higher  in  energy. 

The  calculated  binding  energy  of  the  C-H  complex  is  1.2  eV.  This  is  to  be  com¬ 
pared  with  a  binding  energy  of  0.7  eV  for  Mg-H  [R34],  and  1.8  eV  for  Be-H  [P2].  The 
comparison  would  indicate  that  dissociation  of  C-H  complexes  may  require  slightly 
higher  temperatures  than  dissociation  of  Mg-H.  However,  the  temperatures  that  are 
commonly  applied  during  annealing  of  Mg-doped  GaN  are  much  higher  than  strictly 
needed  for  breaking  the  Mg-H  bond,  indicating  that  kinetic  barriers  to  neutralization  or 
removal  of  hydrogen  from  the  layer  are  playing  the  dominant  role.  That  would  imply  that 
similar  temperatures  should  suffice  to  remove  H  from  the  vicinity  of  carbon. 

8.  Role  of  native  defects  versus  impurities  in  obtaining  semi-insulating  material 

An  important  goal  of  programs  aimed  at  nitride-based  electronic  devices  is  to  ob¬ 
tain  high-quality  semi-insulating  material.  GaN  still  has  a  tendency  to  be  unintentionally 
n-type.  We  have  argued  for  many  years  that  reducing  impurity  concentrations  (oxygen, 
silicon, ...)  is  the  prime  way  of  reducing  n-type  conductivity.  One  can  wonder,  however, 
whether  once  impurities  are  totally  under  control,  point  defects  would  become  an  issue. 
Our  first-principles  formation  energies  allow  us  to  evaluate  defect  concentrations  as  a 
function  of  doping  level  and  growth  conditions. 
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As  discussed  in  Section  2,  our  more  sophisticated  calculations  of  formation  ener¬ 
gies  performed  in  the  course  of  the  present  program  confirmed  that  the  results  obtained  in 
our  original  work  [R5]  are  still  valid.  We  can  therefore  rely  on  the  calculated  point- 
defect  concentrations  reported  in  Ref.  [R36].  There  it  was  found  that,  in  the  absence  of 
any  impurities,  the  nitrogen  and  gallium  vacancies  are  the  dominant  defects,  but  their 
concentrations  are  still  lower  than  lO'^  cm'^  even  at  growth  temperatures  of  1100  ®C. 
This  indicates  that  we  are  still  far  from  the  point  where  point  defects  should  become  a 
dominant  worry.  Indeed,  given  that  experimental  techniques  such  as  Secondary  Ion  Mass 
Spectroscopy  (SIMS)  are  usually  only  capable  of  identifying  impurities  with  a  resolution 
of  about  10^®  cm'^,  and  given  the  known  tendency  of  GaN  to  readily  incorporate  back¬ 
ground  impurities  such  as  O,  C,  and  H,  there  is  reason  to  believe  that  control  of  impuri¬ 
ties  should,  for  now,  remain  the  primary  focus  of  efforts  to  control  the  conductivity  of 
GaN. 

9.  "Fingerprints"  of  defects  and  impurities  to  assist  in  experimental  identification 

Computations  can  provide  various  types  of  information  to  enable  experimental  identifi¬ 
cation  of  defects.  The  “signatures”  we  focused  on  in  the  course  of  the  present  program 
were  frequencies  of  local  vibrational  modes,  which  can  be  measured  with  infrared  or 
Raman  spectroscopy,  and  the  position  of  defect  levels  in  the  gap,  to  be  compared  with 
photoluminescence.  Examples  of  both  were  mentioned  throughout  this  report.  For  in¬ 
stance,  in  Section  l.a.  we  reported  that  we  have  calculated  local  vibrational  modes  for  a 
large  number  of  configurations  that  hydrogen  can  assume  in  GaN.  In  Ref.  [P14]  we  ad¬ 
dress  isolated  interstitial  hydrogen,  Mg-H  complexes,  and  Be-H  complexes,  in  all  their 
possible  configurations.  Most  of  these  configurations  involve  N-H  bonds,  and  based  on 
these  investigations  of  a  large  number  of  configurations  we  were  able  to  derive  a  correla¬ 
tion  between  the  vibrational  frequency  of  the  stretching  mode  and  the  bond  length  in  the 
N-H  bond.  In  Ref.  [PI 5]  we  address  the  vibrational  frequency  of  the  H2  molecule  in 
wurtzite  GaN,  finding  that  it  is  red-shifted  from  the  free  molecule;  for  wurtzite  GaN  the 
frequency  is  131  cm'^  lower  than  in  free  H2. 


29 


Limited  Rights 

Contract  No.  F49620-00-C-0019 
Palo  Alto  Research  Center 
3333  Coyote  Hill  Road 
Palo  Alto,  CA  94304 


10.  Additional  topics 

lO.a.  Role  of  hydrogen  in  growth  of  GaN 

These  results  were  described  in  detail  in  our  Progress  Report  for  the  periods  August  1, 
2000- July  31, 2001;  they  have  reported  in  publications  [P4]  and  [PI  1].  Brief  summary: 

A  detailed  understanding  of  surface  reconstructions  on  nitride  semiconductors  is 
essential  for  improved  control  over  growth,  materials  properties,  and  interface  formation. 
Hydrogen  plays  an  important  role  in  these  processes,  and  is  abundantly  present  in 
commonly  used  growth  techniques  for  nitrides.  We  have  performed  first-principles  cal¬ 
culations  allowing  us  to  investigate  the  stability  of  surface  reconstructions  as  a  function 
of  stoichiometry  (Ga-rich  vs.  N-rich  conditions),  as  well  as  of  the  abundance  of  hydrogen 
in  the  growth  environment.  We  find  that  the  reconstructions  that  are  stable  at  high  tem¬ 
peratures  (relevant  for  MOCVD  growth)  are  very  different  from  those  that  occur  at  r=0. 
N-rich  conditions  favor  N-H  bonds  (which  are  overwhelmingly  favored  at  r=0),  but 
moving  towards  Ga-rich  conditions  we  find  that  2x2  reconstructions  involving  only  Ga-H 
bonds  (3/4  monolayer  H  coverage),  or  even  hydrogen-free  surfaces  (Ga  adatom  or  Ga 
bilayer  reconstructions)  are  more  stable. 

Changes  in  temperature  and  pressure  strongly  affect  the  relative  stability  of  vari¬ 
ous  reconstructions;  such  information  is  best  presented  in  a  phase  diagram,  but  due  to  the 
large  number  of  degrees  of  freedom  a  traditional  phase  diagram  would  be  difficult  to 
analyze  or  visualize.  We  have  been  able  to  show  [P4]  that  the  number  of  degrees  of  free¬ 
dom  can  be  reduced  to  two  if  chemical  potentials  are  chosen  as  the  variables.  The  re¬ 
sulting  generalized  surface  phase  diagram  provides  immediate  insight  in  the  stability  of 
various  surface  structures  as  a  function  of  growth  conditions.  The  power  of  the  approach 
has  been  evidenced  by  its  successful  use  in  interpreting  the  in  situ  observations  of  surface 
reconstructions  based  on  grazing  incidence  x-ray  scattering  by  Munkholm  et  al.  [R37]. 
This  favorable  comparison  with  experiment  illustrates  that  we  have  developed  a  powerful 
computational  approach  for  obtaining  phase  diagrams  for  systems  consisting  of  an  impu¬ 
rity-covered  surface  in  thermodynamic  contact  with  a  gaseous  environment,  as  charac¬ 
teristic  of  MOCVD  or  HVPE  (hydride  vapor  phase  epitaxy).  The  approach  gives  imme- 
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diate  access  to  the  atomic  structure  and  phase  transitions  of  surfaces  under  realistic 
growth  conditions.  We  are  confident  that  the  methodology  can  be  generalized  to  surface 
alloying  or  oxidation. 

lO.b.  Adatom  kinetics  on  and  below  the  surface:  existence  of  a  new  diffusion  channel 
One  of  the  degrees  of  freedom  available  to  growers  of  GaN  is  the  relative  amounts  of  Ga 
and  N  delivered  to  the  surface.  It  happens  that  when  the  growing  surface  is  too  rich  in 
nitrogen,  the  growth  surface  becomes  rough.  Much  smoother  surfaces  are  obtained  when 
the  surface  is  grown  under  Ga-rich  conditions.  The  explanation  proposed  in  Ref.  [PI 6] 
goes  under  the  heading  Adlayer  Enhanced  Lateral  Diffusion,  or  AELD.  A  large  body  of 
work  has  led  to  the  conclusion  that  in  Ga-rich  conditions  the  GaN(OOOl)  surface  is  cov¬ 
ered  by  two  or  more  layers  of  Ga.  A  similar  type  of  structure  occurs  when  In  is  em¬ 
ployed  as  a  surfactant.  In  that  case  the  surface  is  terminated  by  an  In  adlayer  on  top  of  a 
Ga  layer.  Under  these  conditions  N  atoms  will  incorporate  between  the  In  and  Ga  layers. 
Calculations  [PI 6]  have  been  performed  to  show  that  such  N  atoms  can  diffuse  much 
more  rapidly  between  these  two  layers  than  they  could  diffuse  in  the  absence  of  the  In 
adlayer.  The  activation  energy  for  N  diffusion  is  1.3  eV  in  the  absence  of  the  adlayer  and 
0.5  eV  in  the  presence  of  the  adlayer.  Rapid  nitrogen  diffusion  results  in  smooth  growth. 
A  paper  describing  the  calculations  has  been  submitted  for  publication  [PI 6]. 
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ductors”. 
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Screw  dislocations  in  GaN:  The  Ga-filled  core  model 

John  E.  Northrup®^ 

Xerox  PARC,  3333  Coyote  Hill  Road,  Palo  Alto,  California  94304 
(Received  22  January  2001;  accepted  for  publication  12  February  2001) 

First-principles  total  energy  calculations  performed  for  [0001]  screw  dislocations  in  GaN  with  |b| 
=  c  indicate  that  a  model  with  a  helical  Ga-filled  core  is  more  stable  than  the  hollow  core  model  in 
Ga-rich  conditions.  This  model  gives  rise  to  electronic  states  dispersed  throughout  the  band  gap. 
Such  a  dislocation  is  therefore  expected  to  be  a  very  strong  center  for  nonradiative  recombination 
and  a  pathway  for  current  leakage.  ©  2001  American  Institute  of  Physics. 

- [Be^^l-a-^063/l.  1361274] . . . - . 


There  is  considerable  interest  in  determining  the  atomic 
structures  and  electronic  properties  of  the  various  types  of 
threading  dislocations  that  are  present  in  epitaxially  grown 
GaN  films.  Therefore  experimental^’^  and  theoretical 
studies^"^  have  been  performed  to  ascertain  these  properties. 
These  studies  are  motivated  in  part  by  a  desire  to  understand 
the  extent  to  which  the  various  kinds  of  threading  disloca¬ 
tions  give  rise  to  nonradiative  recombination  and  affect 
charge  carrier  mobility.  It  is  now  well  established  that  the 
performance  of  lasers  improves  as  the  density  of  dislocations 
is  decreased.^  For  example,  there  is  evidence  that  the  photo¬ 
luminescence  intensity^  and  operating  lifetime  of  lasers^  in¬ 
crease  as  the  densities  of  screw  and  mixed  dislocations  are 
decreased.  In  this  letter  we  introduce  a  structural  model  for 
the  pure  screw  dislocation  that  is  energetically  favorable  in 
Ga-rich  conditions  and  gives  rise  to  electronic  states 
throughout  the  band  gap  of  GaN. 

The  two  simplest  types  of  threading  dislocations  are  the 
pure  screw,  with  Burgers  vector  b=[0001],  and  the  pure 
edge  dislocation,  with  b=l/3[1120].  A  projected  atomic  im¬ 
age  of  the  edge  dislocation  has  been  obtained  by  Xin  et  al^ 
using  transmission  electron  microscopy  (TEM).  This  image 
is  in  accord  with  the  atomic  model  predicted  theoretically  by 
Eisner  et  al^  In  that  model  the  core  of  the  dislocation  con¬ 
tains  pairs  of  threefold  coordinated  Ga  and  N  atoms.  As  on 
the  (1010)  surface,  which  has  a  locally  similar  atomic  struc¬ 
ture,  there  exists  a  large  energy  gap  between  the  occupied 
and  empty  dislocation  induced  states.  Consequently,  it  has 
been  suggested  that  pure  edge  dislocations  are  not  intrinsic 
sources  of  nonradiative  recombination  events.  However,  the 
stress  field  produced  by  the  dislocation  may  give  rise  to  an 
accumulation  of  electrically  active  impurities  and  point  de¬ 
fects  near  these  dislocations.^ 

The  end-on  TEM  image  obtained  by  Xin  et  al^  for  the 
screw  dislocations  seems  to  imply  a  filled  core.  An  interpre¬ 
tation  of  this  observation  in  terms  of  a  stoichiometric  full 
core  dislocation  is  in  conflict  with  the  theoretical  result  of 
Eisner  et  al  that  a  small  open  core  dislocation  having  a  di¬ 
ameter  of  7  A  is  preferred  energetically  by  a  wide  margin 
over  the  filled  core  model.^  In  this  work  we  provide  a  reso¬ 
lution  to  this  problem.  Specifically  we  find  that  a  screw  dis¬ 
location  having  a  core  comprised  entirely  of  Ga  atoms  is 


“^Electronic  mail:  northrup@parc.xerox.com 


preferred  energetically  over  the  hollow  core  model  in  Ga- 
rich  conditions.  The  structure  is  obtained  by  removal  of  all 
nitrogen  atoms  within  2  A  of  the  center  of  the  dislocation 
core,  i.e.,  six  N  atoms  per  unit  cell  along  the  c  axis  (~5.1  A) 
are  removed.  For  this  structure  electronic  states  are  distrib¬ 
uted  throughout  the  band  gap.  Therefore  such  a  model  pre¬ 
dicts  that  screw  dislocations  will  be  very  strong  centers  for 
nonradiative  recombination  and  electrical  conduction  in  ma¬ 
terial  grown  under  Ga-rich  conditions.  We  will  refer  to  the 
new  structure  as  the  Ga-filled  core  model. 

To  determine  the  relative  stability  of  different  types  of 
core  reconstructions,  total  energy  calculations^  were  carried 
out  using  density  functional  theory  and  the  first-principles 
pseudopotential  method.^®  This  approach  has  been  applied 
previously  to  extended  defects^  ^  and  surfaces^^  of  GaN.  The 
screw  dislocation  with  line  direction  [0001]  and  having  a 
Burgers  vector  b=[0001]  is  modeled  using  a  supercell  ap¬ 
proach.  Each  cell  contains  one  dislocation  and  the  repeat 
distance  along  the  c  axis  is  equal  to  the  magnitude  of  the 
Burgers  vector  (c=5.1  A).  A  schematic  representation  [pro¬ 
jected  onto  the  (0001)  plane]  of  the  atoms  within  the  super- 
cell  is  shown  in  Fig.  1(a).  Each  cell  contains  54  Ga  and  54  N 
atoms.  In  addition,  the  dangling  bonds  on  the  surface  atoms 
at  the  six  equivalent  {10-10}  edges  of  the  cell  are  saturated 
by  36  H  atoms.  A  screw  dislocation  is  generated  by  applying 
a  displacement  in  the  c  direction  to  each  atom  in  the  cell.  The 
vector  field  displacement  that  generates  the  screw  dislocation 
is  given  by  (0,0, Az/)  where 

Azf  =  c/2^  tan“^(y;/x^), 

and  Xi  and  y/  are  the  x  and  y  coordinates  of  the  /th  atom. 
Starting  from  these  initial  positions  the  atoms  are  allowed  to 
relax  and  the  total  energy  is  minimized.  The  plane  wave 
cutoff  used  in  these  calculations  is  40  Ry  and  the  Ga  pseudo¬ 
potential  is  treated  using  the  nonlinear  core  approximation.^^ 
The  k-point  sampling  is  performed  with  two  to  four  k  points 
distributed  uniformly  along  the  dislocation  line  direction. 

We  may  think  of  the  system  as  an  infinitely  long  prism¬ 
shaped  crystal  of  GaN  where  the  six  {10-10}  surfaces  of  the 
crystal  are  passivated  by  H  atoms  and  one  screw  dislocation 
runs  along  the  center  of  the  prism.  The  energy  to  form  a 
dislocation  in  the  system  is  obtained  by  comparing  directly 
the  total  energies  of  systems  with  and  without  the  screw 
dislocation.  The  formation  energy  per  cell  will  increase  loga- 
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FIG.  2.  Relative  energies  of  possible  screw  dislocations  as  a  function  of  the 
Ga  chemical  potential.  The  upper  limit  on  ijlq^  is  AtGa(buik)  •  The  Ga-filled 
core  mode  is  energetically  favorable  with  respect  to  the  hollow  core  model 
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an  ^2  A  radius  of  the  center  of  the  dislocation.  These  mod¬ 
els  are  indicated  schematically  in  Fig.  1.  The  model  is  moti¬ 
vated  in  part  by  previous  studies  of  surface  reconstructions 
of  GaN  showing  that  Ga-terminated  structures  are  stable  in 
Ga-rich  conditions.^^’^"^  Additional  motivation  for  the  Ga- 
filled  core  model  stems  from  the  fact  that  the  nondirectional 
nature  of  metallic  Ga-Ga  bonding  will  render  the  energy 
much  less  sensitive  to  the  enormous  shear  strains  present  at 
the  core  of  the  screw  dislocation. 

As  for  surfaces, the  equilibrium  structure  of  a  disloca¬ 
tion  in  a  binary  compound  will  depend,  in  general,  on  the 
chemical  potentials  of  the  two  constituents,  in  this  case  on 
yLtCa  and  .  Since  the  sum  of  the  two  potentials  is  fixed  by 
equilibrium  with  bulk  GaN,  we  can  express  the  relative  for¬ 
mation  energies  of  two  different  core  reconstructions  in 
terms  of  the  Ga  chemical  potential  alone.  The  difference  in 
formation  energies  between  dislocation  structures  containing 
different  numbers  of  Ga  and  N  atoms  is 


Ga-filled  core  model 

FIG.  1.  (a)  (0001)  projection  of  the  supercell  employed  to  model  a  screw 
dislocation.  The  closed  circles  represent  Ga  and  N  atoms  in  the  A  sites  of  the 
wurtzite  lattice.  The  open  circles  represent  Ga  and  N  atoms  in  B  sites.  Not 
shown  are  the  H  atoms  which  saturate  the  18  Ga  and  18  N  dangling  bonds 
in  each  cell  on  the  six  {10-10}  surfaces.  Each  supercell  contains  one  pris¬ 
matic  crystal  of  GaN.  The  supercell  vectors  a  and  b  give  rise  to  a  periodic 
hexagonal  arrangement  of  prisms  in  the  x-y  plane.  The  structure  is  periodic 
in  the  z  direction  with  periodicity  c  =  5.1  A.  The  screw  dislocation  is  gen¬ 
erated  by  applying  the  displacement  (0,0, Az,).  (b)  A  stoichiometric  hollow 
core  dislocation  is  created  by  removing  the  Ga  and  N  atoms  from  within  the 
central  core  of  the  filled  core  dislocation,  (c)  The  Ga-filled  core  is  obtained 
by  removing  the  nitrogen  atoms  from  the  central  core.  The  Ga  atoms  in  the 
core  form  a  pair  of  helices,  each  with  pitch  2c. 

rithmically  with  the  diameter  of  the  system  because  of  the 
long-range  strain  field  produced  by  the  screw  dislocation. 
For  the  present  case  the  diameter  is  —15  A  and  the  calcu¬ 
lated  formation  energy  of  a  full  core  dislocation  is  4.0  eV/A. 
This  result  is  similar  to  that  obtained  by  Eisner  et  al.  for 
systems  of  a  similar  size.^ 

Several  types  of  dislocation  core  structures  were  consid¬ 
ered.  These  include  the  stoichiometric  full  core  model  and 
the  empty  core  models  studied  previously^  and  the  Ga-filled 
core  model  obtained  by  removing  all  of  the  N  atoms  within 
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AC=A£:(Ga  rich)-(A«Ga- A«N)(AtGa-y“'Ga(bulk))- 

In  this  expression  ACCGa  rich)  is  the  calculated  difference  in 
energies  corresponding  to  the  Ga-rich  limit,  in  which  case 
/^Ga=AtGa(buik)'  For  equilibrium  conditions  AtGa(buik)  is  the 
maximum  possible  chemical  potential  of  Ga.  The  relative 
energies  of  three  dislocation  structures  are  plotted  in  Fig.  2 
as  a  function  of  (A^Ga‘"/^Ga(buik))'  agreement  with  previous 
work  we  find  that  the  hollow  core  model  is  energetically 
favorable  with  respect  to  the  full  core  model.  These  two 
structures  have  the  same  stoichiometry  and  so  their  relative 
energy  is  independent  of  the  atomic  chemical  potentials.  The 
energy  difference  is  2.14  eV/cell  in  the  present  calculations 
compared  to  1.7  eV/cell  obtained  previously.^  As  shown  in 
Fig.  2,  the  Ga-filled  core  model  is  found  to  be  stable  in 
Ga-rich  conditions.  It  is  preferred  over  the  hollow  core 
model  for  /tca"’ /^Ga(buik)^'~0-31  eV,  and  in  the  Ga-rich 
limit  it  is  preferred  by  1.87  eV/cell.  On  the  basis  of  these 
calculations  we  propose  this  model  for  screw  dislocations 
existing  in  GaN  grown  under  Ga-rich  conditions.  This  pre¬ 
diction  is  consistent  with  the  end-on  TEM  images  of  screw 
dislocations  obtained  by  Xin  et  al  that  indicate  some  type  of 
filled  core  structure.^  According  to  our  calculations  the  pro¬ 
jected  (0001)  atomic  positions  of  the  Ga  atoms  in  the  Ga- 
filled  core  model  remain  within  about  0.3  A  of  those  corre- 
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spending  to  the  stoichiometric  filled  core  model.  Thus,  if  the 
end-on  TEM  image  is  not  sensitive  to  the  reduced  N  concen¬ 
tration  in  the  core,  it  will  be  difficult  to  distinguish  between 
the  two  models.  Clearly,  further  experimental  studies  are  de¬ 
sirable  to  test  the  validity  of  the  core  structure  proposed  in 
the  present  work. 

The  Ga  atoms  in  the  core  form  a  pair  of  helices,  with 
each  Ga  atom  in  a  helix  bonded  to  two  other  Ga  atoms  and 
one  N  atom.  The  pitch  of  each  helix  is  2c.  The  Ga-Ga  bonds 
in  the  helix  are  2.44  A  and  the  Ga-N  bonds  between  the 
helix  and  the  outlying  N  atoms  are  1.90  A  in  length.  In 
projection  onto  the  (0001)  planes  the  Ga  core  atoms  form  a 
hexagon  as  shown  in  Fig.  1(c).  The  calculations  predict  that 
this  hexagon  is  rotated  6°  with  respect  to  the  rest  of  the 
lattice.  Viewing  along  the  [000-1]  direction,  the  rotation  is 
seen  to  be  counterclockwise.  In  principle,  such  a  rotation 
could  be  observable  in  a  plan  view  TEM  image. 

Analysis  of  the  Kohn-Sham  eigenvalue  spectrum  for  the 
Ga-filled  core  reveals  a  metallic  electronic  structure  with 
states  dispersed  throughout  the  entire  band  gap  of  GaN.  The 
Fermi  level  is  located  near  midgap,  about  1.4  eV  above  the 
valence  band  maximum.  Such  a  dislocation  would  therefore 
be  expected  to  be  a  very  strong  center  for  nonradiative  re¬ 
combination  via  the  emission  of  phonons  and  Auger  pro¬ 
cesses.  In  addition,  in  view  of  its  metallic  nature,  it  would  be 
expected  to  give  rise  to  a  conductive  pathway  along  the  dis¬ 
location  line.  Recent  experimental  work  of  Hsu  et  al  indi¬ 
cates  that  screw  dislocations  provide  a  pathway  for  conduc¬ 
tion  in  material  grown  by  molecular  beam  epitaxy  under  Ga- 
rich  conditions.^^ 

In  undoped  material  the  line  charge  of  the  dislocation  is 
zero.  In  doped  material  the  GaN  around  the  dislocation  will 
be  depleted  and  a  small  density  of  electrons/holes  will  accu¬ 
mulate  along  the  core  of  the  dislocation.  The  resulting  band 
bending  and  intracore  Coulomb  interaction  align  the  Fermi 
level  of  the  dislocation  with  that  in  the  bulk.  For  sufficiently 
high  doping  densities  the  charge  transfer  between  nearby 
dopants  and  the  dislocation  could  give  rise  to  changes  in  the 
structure  of  the  core.  Decoration  by  impurities  such  as  H 
(Ref.  5)  or  O  (Ref.  17)  would  also  affect  the  core  structure 
and  electrical  activity. 


In  summary,  we  have  found  using  first-principles  total 
energy  calculations  that  a  Ga-filled  core  structure  is  much 
more  stable  than  the  hollow  core  structure  under  Ga-rich 
conditions.  This  screw  dislocation  gives  rise  to  electronic 
states  throughout  the  band  gap  of  GaN,  and  hence  would  be 
a  strong  center  for  nonradiative  recombination  as  well  as  for 
conduction  along  the  dislocation  line. 
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Room-temperature  Hall  effect  measurements  of  (0001)  Mg-doped  GaN  films  grown  on  sapphire 
substrates  by  metalorganic  chemical  vapor  deposition  show  a  reduction  in  hole  concentration  for  Mg 
concentrations  greater  than  10^^cm“^.  A  combination  of  secondary  ion  mass  spectrometry  and 
transmission  electron  microscopy  indicates  a  steadily  increasing  Mg  incoiporation  during  growth 
and  the  formation  of  inversion  domains  at  these  high  concentrations.  We  discuss  mechanisms  that 
could  give  rise  to  a  reduction  of  the  hole  concentration  at  high  Mg  doping  levels.  ©  2001 
American  Institute  of  Physics,  [DOI:  10.1063/1.1413222] 


Magnesium  is  the  most  common  acceptor  in  /?-type  GaN 
alloys  and  is  widely  used  in  GaN-based  light  emitting  and 
laser  diodes.  However,  Mg  has  a  relatively  large  ionization 
energy  ISOmeV),  which  limits  the  maximum  hole  car¬ 
rier  concentration  that  can  be  achieved  in  Mg-doped  GaN 
films.  For  example,  at  300  K,  less  than  1%  of  the  Mg  accep¬ 
tors  are  ionized  with  the  highest  reported  hole  concentration 
of  ~10^^cm“^  for  a  Mg  concentration  [Mg]  of 
^  10^^  cm^^.  ^  Unfortunately,  it  has  been  found  that  at  higher 
[Mg],  the  hole  carrier  concentration  decreases  and  surface 
roughness  develops  for  films  grown  by  metalorganic  chemi¬ 
cal  vapor  deposition  (MOCVD).^’^ 

Recent  work  by  Ramachandran  et  al  shows  that  Mg  on 
the  surface  of  Ga-polar  (0001)  GaN  induces  the  formation  of 
inversion  domains  (ID)  on  the  (0001)  basal  plane."^  Magne¬ 
sium  segregation  and  the  formation  of  an  inversion  domain 
boundary  (IDE)  was  found  when  the  Mg  concentration  at  the 
surface  exceeded  1  ML  for  films  grown  by  molecular  beam 
epitaxy.^’^  In  this  case  the  IDE  was  faceted  and  continuous 
along  the  interface  between  the  layers  of  Ga  and  N  polarity 
and  found  to  initiate  only  on  Ga-polar  surfaces.^  A  model 
was  proposed  in  which  Mg  resides  on  the  faceted  boundary 
in  threefold  coordinated  Ga  sites^  and  therefore  would  not 
act  as  a  /?-type  dopant.  In  this  letter,  a  structural  study  is 
made  of  films  grown  by  MOCVD  with  various  Mg  concen¬ 
trations  and  compared  to  their  carrier  concentration. 

A  series  of  ^1.5-/zm-thick  Mg-doped  GaN  films  with 
different  acceptor  concentrations  was  grown  on  4  fjtm  of  un¬ 
intentionally  doped  n-type  GaN  on  sapphire  substrates  by 
MOCVD.  The  Mg  doping  was  controlled  by  varying  the 
Cp2Mg  flow  during  growth.  The  [Mg]  was  measured  by  sec¬ 
ondary  ion  mass  spectrometry  (SIMS)  and  found  to  track  the 
relative  Cp2Mg  flow  rates.  After  growth,  the  Mg-doped  films 
were  annealed  at  850  °C  for  5  min  in  N2  atmosphere  in  order 
to  activate  the  Mg  acceptors.  Room-temperature  Hall  effect 
measurements  with  a  Van  der  Pauw  geometry  were  per¬ 
formed  to  determine  hole  carrier  concentrations. 

The  full  width  at  half  maximum  (FWHM)  of  the  (0006) 
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diffraction  peak  was  measured  by  high-resolution  x-ray  dif- 
firaction  (XRD)  and  found  to  increase  with  [Mg],  ranging 
from  5.3  to  6.5  minutes  for  [Mg]=lX10^^  and  1.8 
XlO^^cm”^,  respectively.  The  FWHM  was  found  to  be 
slightly  greater  for  unintentionally  doped  films  having  typi¬ 
cal  values  of  min.  Transmission  electron  microscopy 
(TEM)  was  performed  on  films  that  were  mechanically  pol¬ 
ished  and  ion  milled  to  electron  transparency.  The  polarity 
was  determined  by  convergent  beam  electron  diffraction 
(CEED)  and  the  microstructure  was  analyzed  by  conven¬ 
tional  diffraction  contrast^  and  multiple  (0002)  dark  field 
imaging.^  The  unintentionally  doped  n-type  GaN  layers  were 
found  to  have  Ga  polarity.  Cross-section  scanning  electron 
microscopy  (SEM)  was  used  to  determine  the  thickness  of 
the  GaN:Mg  layer  from  contrast  differences  due  to  doping. 

The  hole  concentration  for  a  series  of  p-doped  GaN  films 
is  shown  in  Fig.  1  as  a  function  of  [Mg].  It  can  be  observed 
that  the  hole  concentration  initially  increases  with  Mg  until 
the  [Mg]  is  '^lO^^cm”^  (Sample  B).  The  room-temperature 
hole  concentration  for  sample  B  was  1.2X  10^®cm“^  with  a 
mobility  of  0.7  cm^/V  s.  Further  increase  in  the  [Mg]  results 
in  a  significant  decrease  of  the  hole  concentration  with  a 
measured  carrier  concentration  of  1.6xl0^^cm”^  and  a 
similar  mobility  of  0.7  cm^/V  s  (sample  A). 

The  [Mg]  as  a  function  of  film  thickness  for  samples  A 


Mg  concentration  (atoms/cm^) 

FIG.  1.  Room-temperature  Hall  measurements  of  the  hole  concentration  as 
a  function  of  the  Mg  concentration  (determined  by  SIMS)  for  a  series  of 
Mg-doped  GaN  films. 
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FIG.  2.  SIMS  depth  profiles  of  the  (a)  Mg  concentration  and  (b)  O  concen¬ 
tration  for  the  high-doped  (sample  A)  and  medium-doped  (sample  B) 
GaN:Mg  samples. 

and  B  is  shown  in  Fig.  2(a).  For  sample  B,  the  [Mg]  is  1.1 
X  10^®cm~^  and  remains  constant  through  the  doped  portion 
of  the  sample.  However,  for  sample  A,  the  [Mg]  increases 
from  1.6X  10^® cm*"^  at  the  doped/undoped  interface  to  1.8 
XlO^^cm”^  at  the  surface.  The  measured  O  concentration 
[O]  in  these  samples  is  shown  in  Fig.  2(b).  Ignoring  the 
initial  surface  layer  of  oxygen  ( depth <  50  nm),  the  [O]  back¬ 
ground  level  for  both  samples  was  ~  10^^  cm"^  and  occurred 
at  a  depth  of  "^3(X)  nm  from  the  surface.  The  [O]  in  sample 
B  abruptly  decreased  beyond  the  surface  layer  to  4 
Xl0^^cm~^  and  approached  the  background  level  at  ~1 
decade/300  nm.  However,  for  sample  A,  the  [O]  at  the  sur¬ 
face  was  much  higher  at  8X10^®cm“^  and  the  drop-off 
steeper  at  ~1  decade/100  nm.  The  high  concentration  of  O 
near  the  surface  of  sample  A  is  suggestive  of  Mg  behaving  as 
an  O  getter. 

The  microstructure  of  the  films  was  observed  by  TEM. 
For  films  with  [Mg]<  l.lx  lO^^cm”^,  the  defect  structure 
and  polarity  of  the  doped  layer  and  undoped  layers  were 
similar.  However,  inversion  domains  and  strain  contrast  were 
observed  in  doped  films  with  a  higher  [Mg]  as  shown  in  Fig. 
3  for  sample  B.  The  interface  between  the  doped  and  nomi¬ 
nally  undoped  layers  is  indicated  by  the  dotted  line  in  Fig. 
3(a).  The  doped  layer  is  ^1.5  yu.m  thick  which  is  consistent 


FIG.  3.  TEM  images  of  sample  A  taken  with  g  =  0002  near  the  [  1120]  zone 
axis,  (a)  Lx)w  magnification  image  showing  the  interface  (dotted  line)  be¬ 
tween  the  doped  and  the  undoped  layer.  Inversion  domains  (ID)  are  indi¬ 
cated  by  arrows.  Modulated  strain  contrast  fringes  are  observed  only  in  the 
doped  layer,  (b)  High  magnification  image  of  an  isolated  ID  associated  with 
a  pit  at  the  film  surface. 

and  the  SIMS  profile  [Fig.  2(a)].  Modulated  strain  contrast  is 
observed  in  the  doped  layer  when  imaged  with  the  (0002) 
diffraction  vector.  The  strain  appears  along  the  basal  planes 
by  alternating  light/dark  contrast  bands  that  are  separated  by 
—50-100  nm.  The  fringes  are  observed  only  in  the  doped 
layer  and  terminate  at  the  doped/undoped  layer  interface. 
Similar  strain  contrast  has  been  observed  previously  for 
highly  doped  Si:B  layers  and  attributed  to  local  bond  distor¬ 
tions  of  the  Si~B  bond  and  B  clustering.^’ The  strain  in  our 
films,  which  is  also  evidenced  by  the  increased  FWHM  in 
the  XRD,  may  be  due  to  the  formation  of  Mg-related  point 
defects,  as  discussed  below. 

Threading  dislocations  from  the  nominally  undoped 
layer  are  observed  to  extend  unperturbed  through  the  inter¬ 
face  into  the  doped  layer.  No  additional  threading  disloca¬ 
tions,  Mg  precipitates  or  pyramidal  defects^ ^  were  observed 
in  the  Mg-doped  layer.  However,  columnar  defects  along  the 
{1010}  planes  were  observed  that  initiated  —0.5  fxnx  above 
the  doped/undoped  interface.  These  defects  were  found  by 
(0002)  dark  field  imaging  and  CBED  to  be  IDs  with  N  po¬ 
larity  at  a  density  of  —10®  cm-^.  High-resolution  TEM  im¬ 
aging  (not  shown)  indicates  that  the  domains  nucleate  on  the 
basal  plane  which  is  consistent  with  previous  studies  of 
GaN:Mg  films  grown  on  Ga-polarity  surfaces."^’^  The  high 
magnification  image  in  Fig.  3(b)  show  that  pits  form  where 
the  IDs  meet  the  surface.  This  is  probably  due  to  the  different 
growth  rates  of  the  two  polarities  as  reported  previously. 

The  reduction  of  the  hole  concentration  that  occurs  when 
the  total  Mg  concentration  [Mg]  exceeds  10^^  suggests  that 
some  of  the  Mg  incorporates  in  an  electrically  inactive  form 
and/or  gives  rise  to  compensating  donors  at  high  Mg  concen¬ 
trations.  First  we  examine  whether  the  observed  density  and 
size  of  the  IDs  is  sufficient  to  cause  electrical  deactivation  of 
the  material.  From  the  TEM  images  the  domains  are,  on 
average,  separated  by  —1  yum,  and  the  typical  diameter  of 
the  domain  is  —30  nm.  The  ratio  of  atoms  on  the  boundary 
to  the  total  atom  density  is  therefore  —5  X  10“^,  correspond¬ 
ing  to  a  total  density  of  boundary  atoms  of  —  10^®/cm^.  If 


with  growth-rate  calibrations,  cross-section  SEM  images,  there  is  a  donor  defect  associated  with  a  significant  fraction 
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of  these  boundary  sites,  then  it  is  possible  that  the  reduction 
in  hole  concentration  (which  is  on  the  order  of  10^^/cm^)  can 
be  attributed  in  part  to  donors  associated  with  the  ID  bound¬ 
aries.  Studies  of  the  interaction  of  Mg  atoms  with  {1010}  ID 
boundaries  are  required  in  order  to  assess  further  this  possi¬ 
bility.  In  the  absence  of  decoration  by  impurities,  the  {1010} 
ID  boundaries  are  not  expected  to  give  rise  to  any  states  in 
the  gap  that  would  compensate  p-type  doping. 

The  high  oxygen  concentration  near  the  surface  may  also 
compensate  some  of  the  Mg.  Simulations  were  performed  by 
taking  into  account  partial  compensation  of  -the  Mg 
acceptors.  The  difference  in  O  background  concentration 
between  sample  A  and  sample  B  was  shown  to  reduce  the 
hole  concentration  in  sample  A  by  ^^20%  (averaged  over  the 
300  nm  from  the  surface  of  the  GaN:Mg  film).  However,  this 
effect  would  be  negligible  since  the  thickness  of  the  0-rich 
layer  is  only  —20%  of  the  doped  layer. 

Finally,  we  consider  the  formation  of  compensating 
point  defects.  Most  of  the  Mg  is  incorporated  during 
MOCVD  growth  in  the  form  of  a  neutral  Mg-H  complex, 
and  these  Mg  atoms  act  as  acceptors  only  after  activation.^^ 
In  order  to  account  for  a  reduction  in  the  hole  concentration, 
we  posit  another  type  of  Mg-related  complex  that  would  act 
as  a  donor  after  activation.  There  are  many  possibilities  and 
we  will  discuss  one  example  to  illustrate  the  concept.  Con¬ 
sider  a  complex  consisting  of  a  hydrogenated  nitrogen 
vacancy^^  in  which  two  of  the  surrounding  Ga  atoms  have 
been  replaced  by  Mg.  We  will  refer  to  this  complex  as  the 
Mg2-yN“H  complex.  Such  a  complex  would  be  a  neutral 
defect  during  growth  but  would  become  a  donor  once  the 
hydrogen  was  removed  by  the  activation  process.  If  we  as¬ 
sume  that  equilibrium  conditions  prevail  during  the  MOCVD 
growth  process,  the  concentrations  of  these  two  complexes 
can  be  expressed  in  terms  of  their  chemical-potential- 
dependent  formation  energies.  Because  these  are  neutral 
complexes  the  electron  Fermi  level  does  not  enter,  and  we 
may  write 

n(Mg-H)  =  =  Ej  -  /x,Mg+  /^Ga-  Mh  » 

n(Mg2-yN-H)=ft2 

=  ^2  “  2 /^Mg  +  2  yaGa+ /^N  ““ /^H  =  ^2 
2^Mg“*'  ^Ga“  • 

In  the  expression  for  fi(Mg2“VN“H)  we  absorb  the  sum 
)LtGa+/^N  (which  is  constant)  into  the  definition  of  £2^  We 
assume  that  the  concentrations  of  the  two  complexes  are 
each  determined  by  these  formation  energies.  After  activa¬ 
tion,  the  effect  of  these  complexes  on  the  difference  between 
the  number  of  acceptors  and  donors  is  given  by  the  differ¬ 
ence  in  the  two  concentrations 

A  Ca  V  exp[  -  n  2  //:r]{  1  “  exp[(£’i  “  £^2 + A^Mg)/^^]}  • 
The  important  point  is  that  the  magnitude  and  perhaps  even 
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the  sign  of  AC  is  governed  by  the  Mg  chemical  potential. 
When  /X2vig  is  low  the  Mg-H  complex  dominates,  but  when 
increases  the  concentration  of  the  Mg2- complex 
may  become  comparable  to  or  larger  than  that  of  the  Mg-H 
complex.  This  simple  model  illustrates  that  if  defect  com¬ 
plexes  stabilized  under  Mg-rich  conditions  act  as  donors  fol¬ 
lowing  activation,  then  it  is  possible  to  account  for  the  exis¬ 
tence  of  a  maximum  in  the  hole  concentration  as  a  function 
of  [Mg]. 

In  conclusion,  inversion  domains  and  a  reduction  in  the 
hole  concentration  was  found  in  GaN  films_wheiLihe  bulk, 
concentration  of  Mg  was  in  excess  of  10^^  cm”^.  The  ID 
formation  was  accompanied  by  an  increase  in  strain,  as  ob¬ 
served  by  TEM  and  XRD,  and  an  increase  in  the  Mg  incor¬ 
poration  rate,  as  observed  by  SIMS.  The  reduction  in  hole 
concentration  may  be  attributed  to  the  incorporation  of  Mg  in 
electrically  inactive  form  and/or  the  formation  of  compensat¬ 
ing  Mg-induced  defects  at  high  Mg  concentrations. 
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Abstract  Wide-band-gap  semiconductors  often  exhibit  lim- 
itations  in  the  ability  to  control  n-typ'e'iyr^p^type'  d^^ 

A  theoretical  framework  is  presented  for  studying  doping 
of  semiconductors,  with  key  parameters  derived  from  first- 
principles  calculations.  The  formalism  is  illustrated  with  ex¬ 
amples  for  GaN  and  ZnO,  where  increased  understanding 
can  lead  to  improved  control  of  doping  through  defect  and 
impurity  engineering, 

1  Introduction 

The  ability  to  control  n-type  and  p-type  conductivity  is 
essential  for  design  and  fabrication  of  electronic  and  op¬ 
toelectronic  devices.  Such  conductivity  control  has  tra¬ 
ditionally  been  very  diflScult  in  wide-band-gap  semicon¬ 
ductors,  and  native  point  defects  have  often  been  invoked 
to  explain  these  problems.  We  will  describe  the  formal¬ 
ism  that  we  have  developed  to  address  the  energetics 
of  defect  and  impurity  incorporation,  and  the  effects  of 
these  species  on  the  electronic  properties.  While  building 
on  notions  developed  in  the  1950s,  the  current  formula¬ 
tion  in  terms  of  formation  energies  and  chemical  poten¬ 
tials  allows  more  direct  insight  into  the  mechanisms  that 
govern  incorporation  of  intrinsic  and  extrinsic  defects. 

Progress  in  computational  physics  now  allows  ex¬ 
plicit  evaluation  of  formation  energies  and  the  result¬ 
ing  defect  and  impurity  concentrations  entirely  from  first 
principles,  i.e.,  without  any  input  from  experiment.  Such 
state-of-the-art  calculations  are  based  on  density  func¬ 
tional  theory  and  pseudopotentials,  and  carried  out  in 
a  supercell  geometry  [1].  These  fundamental  concepts 
will  be  illustrated  with  examples  from  our  recent  work 
on  III-V  nitride  and  II- VI  oxide  semiconductors.  We  will 
review  some  key  results  for  GaN,  showing  that  the  “con¬ 
ventional  wisdom”  regarding  the  role  of  native  defects 
in  doping  and  compensation  is  not  always  correct.  For 
many  years,  nitrogen  vacancies  were  thought  to  be  the 
major  source  of  the  n-type  conductivity  that  is  com¬ 
monly  observed  in  as-grown  GaN;  our  computational  re¬ 
sults  showed,  however,  that  formation  of  nitrogen  vacan¬ 
cies  is  energetically  unfavorable  in  n-type  GaN  [2].  We 
will  also  discuss  the  challenge  of  p-type  doping  in  III- 
nitrides,  and  various  strategies  for  impurity  engineering 
that  are  aimed  at  overcoming  the  doping  limitations  [3]. 

We  will  also  present  some  recent  results  for  ZnO,  a 
semiconductor  with  a  great  variety  of  applications.  Re¬ 
cently,  ZnO  has  come  to  the  forefront  as  a  promising 
candidate  for  new  optoelectronic  and  electronic  devices, 
but  this  potential  can  only  be  fulfilled  if  the  conductivity 


of  the  material  can  be  brought  under  control.  Our  cal- 

for  instance,  that  the  oxygen  vacancy  is  a  deep,  rather 
than  a  shallow  donor.  As  in  GaN,  native  point  defects 
are  unlikely  to  be  the  source  of  the  widely  observed  un¬ 
intentional  n-type  conductivity.  As  an  alternative  source 
of  n-type  doping,  we  will  discuss  the  incorporation  of  hy¬ 
drogen  impurities  [4].  Hydrogen  acts  as  a  donor  in  ZnO 
-  in  contrast  to  its  amphoteric  behavior  in  other  semi¬ 
conductors.  These  results  provide  important  guidelines 
for  optimizing  dopant  impurity  incorporation  and  acti¬ 
vation. 

The  theoretical  approach  described  here  is  quite  gen¬ 
eral  in  nature,  and  can  be  applied  to  any  semiconductor 
(as  well  as  other  materials)  in  which  impurities  and  de¬ 
fects  play  a  role.  The  current  applications  to  wide-band- 
gap  semiconductors  constitute  a  nice  illustration  of  the 
power  of  the  approach. 

2  Methodology 

2.1  First-principles  calculations 

First-principles  computational  theory  has  significantly 
contributed  to  the  fundamental  understanding  of  de¬ 
fects  and  impurities  in  semiconductors.  Such  calculations 
yield  the  following  types  of  information: 

—  microscopic  structure,  including  atomic  relaxations 
of  the  host  atoms,  derived  by  minimizing  the  total 
energy  with  respect  to  the  atomic  coordinates 

—  charge  densities,  which  provide  insight  into  the  chem¬ 
ical  bonding 

-  wave  functions,  which  can  be  used  for  calculating  hy- 
perfine  parameters,  allowing  direct  comparison  with 
experimental  results  obtained,  e.g.,  with  electron  para¬ 
magnetic  resonance 

—  band  structures,  which  contain  information  about 
the  optical  and  electronic  properties 

-  frequencies  of  local  vibrational  modes  (derived  by 
evaluating  the  energy  change  or  forces  when  atoms 
are  displaced  from  their  equilibrium  positions) 

-  total  energies,  which  allow  evaluation  of  the  relative 
stability  of  various  configurations. 

In  addition,  we  have  developed  the  methodology  for  us¬ 
ing  the  total  energies  to  provide  a  direct  measure  of  the 
abundance  of  a  defect  or  impurity  in  the  crystal,  as  de¬ 
scribed  in  Sect.  2.2. 

The  first-principles  calculations  used  in  our  studies 
are  founded  on  density-functional  theory,  using  a  super¬ 
cell  geometry  and  ab  initio  pseudopotentials  [5].  It  is 
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widely  known  that  the  density-functional  approach  un¬ 
derestimates  the  band  gap;  this  may  affect  the  results 
for  point  defects  that  have  occupied  electronic  states 
in  the  gap.  Significant  improvements  in  the  band  gaps 
of  wide-band-gap  semiconductors  have  been  obtained 
by  introducing  self-interaction  corrections.  In  particu¬ 
lar,  we  have  used  an  approach  based  on  self-interaction 
and  relaxation-corrected  pseudopotentials,  as  described 
in  Refs.  [6]  and  [7].  Further  details  and  references  for 
the  computational  approach  can  be  found  in  Refs.  [2] 
and  [4]. - 

2.2  Formalism  for  calculating  defect  and  impurity 
concentrations 

The  equilibrium  concentration  of  an  impurity  or  point 
defect  is  given  by 

C  =  iVsitesexp-^'/‘^^  (1) 

where  is  the  formation  energy^  ^sites  Is  the  number  of 
sites  (per  unit  volume)  on  which  the  defect  or  impurity 
can  be  incorporated,  ks  is  the  Boltzmann  constant,  and 
T  the  temperature.  Equation  (1)  shows  that  defects  with 
a  high  formation  energy  will  occur  in  low  concentrations. 

The  formation  energy  is  not  a  constant  but  depends 
on  the  growth  conditions.  Let  us  illustrate  this  with  the 
example  of  a  nitrogen  vacancy  in  GaN.  The  formation 
energy  of  this  defect  is  determined  by  the  relative  abun¬ 
dance  of  Ga  and  N  atoms,  as  expressed  by  the  chemical 
potentials  /ioa  and  If  the  nitrogen  vacancy  (Vn)  is 
charged  (as  is  expected  when  it  is  electrically  active), 
the  formation  energy  depends  further  on  the  Fermi  level 
(Ep),  which  acts  as  a  reservoir  for  electrons.  Forming  a 
nitrogen  vacancy  requires  the  removal  of  one  N  atom, 
which  is  placed  in  the  thermodynamic  reservoir  for  N 
atoms,  with  energy  the  formation  energy  is  there¬ 
fore: 

=  EtotiV^)  -  E,ot{GaN  bulk)  +  +  Ep.  (2) 

First-principles  calculations  allow  explicit  derivation  of 
^tot(VJ^)5  the  total  energy  of  a  system  containing  a  ni¬ 
trogen  vacancy.  Similar  expressions  apply  to  other  im¬ 
purities  and  to  the  various  native  point  defects. 

Equation  1  relies  on  an  assumption  of  thermody¬ 
namic  equilibrium,  which  can  be  expected  to  be  satisi- 
fied  at  the  high  temperatures  at  which  bulk  growth  or 
metal-organic  chemical  vapor  deposition  (MOCVD)  of 
wide-band-gap  semiconductors  is  carried  out.  At  lower 
temperatures,  such  as  those  used  in  molecular-beam  epi¬ 
taxy  (MBE),  deviations  from  equilibrium  may  occur. 

2.3  Chemical  potentials 

We  emphasized  above  that  the  chemical  potentials  are 
free  parameters,  reflecting  the  relative  abundance  of  var¬ 
ious  sources  in  the  growth  system.  However,  the  chemical 
potentials  are  subject  to  specific  bounds.  For  instance,  in 
the  case  of  GaN  the  upper  limit  on  the  Ga  chemical  po¬ 
tential  is  given  by  iUGa=/^Ga[buik];  indeed,  pushing  the  Ga 
chemical  potential  to  higher  values  would  result  in  pre¬ 
cipitation  of  bulk  Ga  rather  than  growth  of  GaN.  This 


upper  limit  on  //Qa  places  a  lower  limit  on  //n,  because  in 
equilibrium:  //Ga  +  //n  =  Etoi[GaN]  where  E^o^fGaN]  is 
the  total  energy  of  a  two-atom  unit  of  bulk  GaN,  calcu¬ 
lated  for  the  structurally  optimized  wurtzite  structure. 
For  the  N-rich  case,  the  upper  limit  on  is  given  by 
)Un=//n[N2]5  i*^'j  energy  of  N  in  an  N2  molecule  at 
r  =  0;  this  yields  a  lower  limit  on  //Qa- 

For  ease  of  presentation,  we  will  choose  specific  val¬ 
ues  for  the  atomic  chemical  potentials  when  plotting  our 
results;  however,  a  general  case  can  always  be  addressed 

The  Fermi  level  Ep  is  not  an  independent  parame¬ 
ter,  but  is  always  determined  by  the  condition  of  charge 
neutrality.  In  principle,  equations  such  as  (2)  can  be  for¬ 
mulated  for  every  native  defect  and  impurity  in  the  ma¬ 
terial;  the  complete  problem  (including  free-carrier  con¬ 
centrations  in  valence  and  conduction  bands)  can  then 
be  solved  self-consistently,  imposing  charge  neutrality. 
However,  it  is  instructive  to  plot  formation  energies  as 
a  function  of  Ep  in  order  to  examine  the  behavior  of 
defects  and  impurities  when  the  doping  level  changes. 

The  formalism  described  here  is  in  principle  equiva¬ 
lent  to  writing  down  mass-action  relations  for  all  defect 
reactions,  as  discussed,  e.g.,  in  Ref.  [8].  However,  the 
use  of  formation  energies  and  chemical  potentials  (rather 
than  partial  pressures)  renders  the  process  amenable  to 
general  solution.  In  addition,  the  recent  advances  in  com¬ 
putational  physics  now  allow  derivation  of  the  key  pa¬ 
rameters  from  first  principles.  Indeed,  the  state-of-the- 
art  calculations  used  to  derive  Etot  in  Eq.  (2)  do  not 
require  any  adjustable  parameters  or  any  input  from  ex¬ 
periment. 

3  Results  for  GaN 

3.1  Native  defects  and  n-type  doping 
Figure  1  shows  calculated  formation  energies  for  all  na¬ 
tive  point  defects  in  GaN,  as  a  function  of  Fermi  level,  for 
Ga-rich  conditions.  The  zero  of  Ep  is  located  at  the  top 
of  the  valence  band.  For  each  defect,  only  the  line  seg¬ 
ment  is  shown  that  corresponds  to  the  charge  state  that 
gives  rise  to  the  lowest  energy  at  a  particular  value  of 
Ep.  The  change  in  slope  of  the  lines  therefore  represents 
a  change  in  the  charge  state  of  the  defect  [see  Eq.  (2)], 
and  the  Fermi-level  position  at  which  this  change  occurs 
corresponds  to  a  transition  level  that  can  be  experimen¬ 
tally  measured. 

Two  major  conclusions  can  immediately  be  drawn: 

1.  In  thermodynamic  equilibrium  self-interstitials  and 
antisites  are  too  high  in  energy  to  form  in  significant 
concentrations.  Only  vacancies  have  sufficiently  low 
energies  to  play  a  role  in  the  electrical  properties  of 
the  material. 

2.  Nitrogen  vacancies  have  a  high  formation  energy  in 
n-type  GaN;  the  corresponding  concentration  is  too 
low  to  aflfect  the  electrical  conductivity.  Nitrogen  va¬ 
cancies  can  thus  not  be  responsible  for  the  commonly 
observed  unintentional  n-type  conductivity  in  GaN, 
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Fig.  1  Formation  energies  as  a  function  of  Fermi  level  for 
native  point  efects  in  GaN  under  Ga-rich  conditions.  Ef  =  0 
corresponds  to  the  top  of  the  valence  band. 

We  have,  instead,  attributed  this  conductivity  to  the 
unintentional  incorporation  of  donor  impurities,  such  as 
silicon  or  oxygen  [9].  These  insights  allow  better  control 
of  the  n-type  doping  of  GaN,  providing  a  good  starting 
point  for  the  achievement  of  p-type  doping. 

3.2  Hydrogen  and  p-type  doping 

Magnesium  is  currently  the  main  p-type  dopant  used 
for  nitrides.  Unfortunately,  its  large  ionization  energy 
(210  meV,  see  Ref.  [10])  poses  severe  limitations.  About 
10^®  cm“^  Mg  acceptors  can  be  incorporated  in  GaN, 
but  at  room  temperature,  the  hole  concentration  is  only 
on  the  order  of  10^®  cm“^.  Increasing  the  Mg  concentra¬ 
tion  does  not  improve  the  conductivity;  in  fact,  it  leads 
to  lower  hole  concentrations  [11].  We  have  performed 
extensive  investigations  in  order  to  understand  this  be¬ 
havior. 

Hydrogen  is  known  to  play  an  important  role  in  p- 
type  doping  of  GaN  [12-14];  indeed,  many  of  the  com¬ 
mon  growth  techniques  for  GaN  introduce  large  quanti¬ 
ties  of  hydrogen  into  the  growth  environment.  We  have 
therefore  devoted  particular  attention  to  the  properties 
of  interstitial  hydrogen.  The  calculated  formation  ener¬ 
gies  for  H  in  GaN  are  shown  in  Fig.  2. 

Hydrogen  prefers  the  positive  charge  state  in  p-type 
material,  acting  as  a  donor;  it  prefers  the  negative  charge 
state  in  n-type  material,  acting  as  an  acceptor.  Hydrogen 
is  thus  an  amphoteric  impurity  and  always  counteracts 
the  prevailing  conductivity  of  the  semiconductor.  This 
is  similar  to  the  behavior  of  hydrogen  in  other  semicon¬ 
ductors  such  as  silicon  [15]  and  GaAs  [16]. 

Let  us  now  focus  on  the  behavior  in  p-type  GaN. 
Figure  3  displays  formation  energies  of  defects  and  im- 
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Fig.  2  Formation  energies  of  various  charge  states  of  hydro¬ 
gen  in  GaN  as  a  function  of  Fermi  level.  Ef  =  0  corresponds 
to  the  top  of  the  valence  band.  The  chemical  potential  of 
hydrogen  was  chosen  to  correspond  to  H2  molecules  at  T=0. 

purities  relevant  for  p-type  doping.  The  formation  en¬ 
ergy  of  MgGa  (the  acceptor  species)  was  determined  by 
assuming  equilibrium  with  Mg3N2;  this  corresponds  to 
the  solubility  limit,  i.e.,  the  maximum  impurity  concen¬ 
tration  that  can  be  obtained  in  thermodynamic  equi¬ 
librium.  Trying  to  push  the  Mg  concentration  in  GaN 
beyond  this  limit  may  result  in  precipitation  of  Mg3N2, 
which  may  be  responsible  for  a  decrease  in  crystal  quality 
and  the  observed  reduction  in  hole  concentrations  [11]. 
Incorporation  of  Mg  on  interstitial  sites  (Mgi)  or  anti¬ 
sites  (Mgisf),  which  had  been  suggested  as  an  explanation 
for  the  limited  effectiveness  of  Mg  doping,  is  unlikely  to 
be  a  problem,  given  the  high  formation  energies  of  these 
species. 

We  note  that  compensation  by  nitrogen  vacancies 
may  be  a  problem  in  p-type  GaN.  Nitrogen  vacancies 
have  high  formation  energies  in  n-type  GaN,  but  their 
donor  character  leads  to  a  significant  reduction  of  the 
formation  energy  in  p-type  material.  In  the  presence  of 
hydrogen,  however,  compensation  by  nitrogen  vacancies 
will  be  suppressed.  Indeed,  the  formation  energy  of  hy¬ 
drogen  is  lower  than  that  of  Vn)  and  hence  hydrogen  is 
more  likely  to  incorporate  as  the  compensating  donor. 
Another  beneficial  effect  due  to  hydrogen  is  an  increase 
in  the  solubility  of  the  acceptor.  Imposing  the  condi¬ 
tion  of  charge  neutrality  leads  to  the  condition  that  the 
concentrations  (and  hence  the  formation  energies)  of  ac¬ 
ceptor  and  donor  species  must  be  equal  at  the  growth 
temperature  (at  least  when  Ep  is  far  enough  from  the 
band  edges  to  allow  neglect  of  free  carriers).  We  see  that 
the  presence  of  hydrogen  leads  to  a  Fermi-level  position 
higher  in  the  band  gap  than  in  the  absence  of  hydrogen; 
this  leads  to  a  decrease  in  the  formation  energy  of  Mgoa, 
and  hence  a  higher  solubility. 

After  the  growth,  the  material  contains  equal  concen¬ 
trations  of  Mg  and  H,  and  is  thus  electrically  inactive; 
however,  the  binding  energy  of  H  to  Mg,  and  the  migra- 
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Fig.  3  Formation  energies  as  a  function  of  Fermi  level  for 
defects  and  impurities  relevant  for  p-type  GaN,  under  Ga- 
rich  conditions.  Ef  =  0  corresponds  to  the  top  of  the  valence 
band. 

tion  barrier  for  H  diffusion  are  low  enough  [14]  to  allow 
hydrogen  to  be  removed  from  the  vicinity  of  the  accep¬ 
tors  by  a  thermal  annealing  procedure.  Such  an  activa¬ 
tion  anneal  is  indeed  known  to  render  the  Mg  acceptors 
electrically  active  [12]. 

The  incorporation  of  hydrogen  along  with  Mg  during 
the  growth  of  p-type  GaN  can  be  regarded  as  a  success¬ 
ful  example  of  impurity  engineering:  the  introduction  of 
this  additional  impurity  indeed  enhances  incorporation 
of  the  desired  impurity,  and  leads  to  improved  quality 
due  to  reduced  compensation.  This  application  of  codop¬ 
ing  is  successful  thanks  to  the  relative  ease  with  which 
hydrogen  can  be  removed  from  the  acceptor-doped  layer 
after  the  growth  [14].  Co-doping  with  donors  that  can 
not  be  removed  from  the  acceptor- doped  layer  is  unlikely 
to  provide  any  benefits. 

Finally  we  note  that  we  have  carried  out  extensive 
theoretical  investigations  [17]  of  alternative  acceptors  in 
GaN.  Only  Be  has  emerged  as  a  potential  improvement 
over  Mg,  exhibiting  both  a  higher  solubility  and  lower 
ionization  energy.  Unfortunately,  Be  suffers  from  poten¬ 
tial  self-compensation  due  to  the  incorporation  of  Be  in¬ 
terstitials,  which  act  as  donors.  We  are  currently  engaged 
in  investigations  to  determine  whether  this  problem  can 
be  solved. 

4  Results  for  ZnO 

4.1  n-type  doping,  hydrogen 

We  have  recently  witnessed  a  resurgence  of  interest  in 
ZnO  as  an  optoelectronic  and  electronic  material,  trig¬ 
gered  by  advances  in  ZnO  bulk  crystal  growth  [18].  ZnO 
is  an  extremely  versatile  material,  with  important  appli¬ 
cations  in  varistors,  piezoelectric  transducers,  and  phos¬ 


phors.  The  recent  improvements  in  crystal  quality  have 
raised  hopes  for  applications  in  light  emitters;  however, 
such  device  applications  require  improved  control  over 
conductivity. 

Zinc  oxide  almost  always  exhibits  strong  n-type  con¬ 
ductivity.  Despite  years  of  investigations,  the  source  of 
this  conductivity  has  remained  controversial.  Because  of 
its  prevalence,  the  n-type  conductivity  has  traditionally 
been  attributed  to  native  defects.  Recent  first-principles 
investigations  [19,20],  however,  have  revealed  that  none 

with  a  high-concentration  shallow  donor.  Only  the  va¬ 
cancies  have  sufficiently  low  energies  to  form  during  syn¬ 
thesis  of  the  material;  zinc  vacancies  behave  as  deep 
acceptors,  and  oxygen  vacancies  as  deep  donors.  The 
prevailing  n-type  conductivity  can  therefore  not  be  at¬ 
tributed  to  native  defects;  it  must  thus  be  caused  by 
impurities  that  are  unintentionally  incorporated. 

The  obvious  candidates  for  donors  in  ZnO  (A1  or  Ga 
on  the  Zn  site,  F  or  Cl  on  the  0  site)  are  unlikely  to 
systematically  occur  as  contaminants  in  the  variety  of 
growth  environments  that  are  used  for  ZnO.  Hydrogen, 
however,  has  turned  out  to  be  a  likely  candidate  [4].  This 
may  seem  surprising,  since  (as  highlighted  in  Sect.  3.2) 
hydrogen  behaves  as  an  amphoteric  impurity  in  the  semi¬ 
conductors  in  which  it  has  previously  been  investigated. 
That  means  it  always  compensates  the  prevailing  con¬ 
ductivity  of  the  material,  and  cannot  act  as  a  source  of 
conductivity.  Hydrogen  in  ZnO,  however,  behaves  dif¬ 
ferently,  as  can  be  seen  from  the  calculated  formation 
energy  in  Fig.  4:  only  the  positive  charge  state  is  stable, 
causing  hydrogen  to  behave  exclusively  as  a  donor.  Sta¬ 
bilization  of  the  neutral  and  negative  charge  states  would 
require  moving  the  Fermi  level  far  above  the  conduction- 
band  minimum.  The  hydrogen-induced  level  in  the  band 
structure  is  thus  a  resonance  in  the  conduction  band. 
Electrons  placed  in  this  resonance  of  course  relax  to  the 
conduction-band  minimum,  where  they  can  be  bound  to 
the  donor  in  a  hydrogenic  state.  Hydrogen  thus  behaves 
as  a  shallow  donor  in  ZnO. 

The  reason  for  the  high  stability  of  H+  in  ZnO  is 
the  strong  bond  that  can  be  formed  between  hydrogen 
and  oxygen;  indeed,  interstitial  H"^  sits  at  a  distance  of 
about  1  A  from  an  oxygen  atom,  in  either  a  bond-center 
or  anti-bonding  configuration,  with  the  bond  between 
oxygen  and  one  of  its  neighboring  Zn  atoms  effectively 
broken.  For  the  bond-center  (BC)  configuration  the  Zn 
atom  moves  outward  over  a  distance  equal  to  40%  of  the 
bond  length  (0.8  A),  to  a  position  slightly  beyond  the 
plane  of  its  nearest  neighbors. 

We  have  calculated  the  vibrational  frequencies  of  the 
0-H  stretching  and  wagging  modes  (in  the  harmonic  ap¬ 
proximation);  for  H*^  at  BC  we  find  3680  cm""^  (stretch) 
and  450  cm”^  (wag).  Not  surprisingly,  the  value  for  the 
stretch  modes  is  close  to  that  for  H2O  molecules. 

It  is  also  interesting  to  consider  complex  formation 
between  hydrogen  and  native  defects.  We  pointed  out 
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Fig.  4  Formation  energy  of  the  positive  charge  state  of  hy¬ 
drogen  in  ZnO  as  a  function  of  Fermi  level.  Ep  =  0  corre¬ 
sponds  to  the  top  of  the  valence  band.  The  chemical  poten¬ 
tial  of  hydrogen  was  chosen  to  correspond  to  H2  molecules  at 
T:=0.  Charge  states  other  than  the  positive  are  not  stable. 

before  that  the  oxygen  vacancy  is  a  deep  donor,  however, 
complex  formation  with  hydrogen  turns  it  into  a  shallow 
donor.  The  calculated  binding  energy,  expressed  with 
respect  to  and  Vq,  is  0.8  eV.  The  hydrogen  atom 
is  located  close  to  the  center  of  the  vacancy  (to  within 
0.05  A);  this  configuration  can  thus  also  be  regarded  as  a 
substitutional  hydrogen  impurity  located  on  an  oxygen 
lattice  site. 

4-2  Comparison  with  experiment 

Experimental  indications  for  hydrogen’s  behavior  as  a 
donor  in  ZnO  were  actually  reported  as  early  as  the 
1950s  [21-23],  ZnO  being  the  first  semiconductor  in  which 
the  properties  of  hydrogen  were  systematically  studied. 
Those  results,  however,  went  largely  unnoticed  during 
the  upsurge  in  research  activity  on  hydrogen  in  semicon¬ 
ductors  that  started  about  30  years  later.  Mollwo  [21] 
observed  an  increase  in  the  conductivity  of  ZnO  crys¬ 
tals  exposed  to  hydrogen  at  temperatures  above  200°  C. 
The  increase  in  the  conductivity  was  demonstrated  to 
be  due  to  in-diffusion  of  hydrogen.  An  increase  in  con¬ 
ductivity  upon  exposure  to  H2  has  also  been  observed 
by  Baik  et  al.  [24],  and  by  Kohiki  et  al  [25]  who  in¬ 
troduced  hydrogen  by  proton  implantation  followed  by 
annealing  at  200°C.  All  of  these  experiments  indicate 
that  introducing  hydrogen  into  ZnO  does  not  result  in 
a  reduction  of  the  conductivity,  which  is  the  expected 
behavior  for  hydrogen  in  other  semiconductors.  Instead, 
hydrogen  shows  strong  behavior  as  a  donor,  consistent 
with  our  theoretical  predictions. 

Hydrogen  is  a  likely  candidate  for  an  unintentional 
donor,  since  it  is  present  in  many  of  the  growth  environ¬ 
ments  commonly  used  for  ZnO,  including  vapor-phase 
transport  [18],  hydrothermal  growth  [26],  and  chemical 
vapor  deposition  (MOCVD)  [27].  When  growth  is  carried 
out  in  air,  water  vapor  can  act  as  a  source  of  hydrogen, 
and  techniques  such  as  laser  ablation  [28]  or  sputtering 


[29]  are  sometimes  intentionally  carried  out  in  a  hydro¬ 
gen  atmosphere.  In  addition,  H2  or  H2O  may  always  be 
present  as  a  residual  gas  in  any  high  vacuum  system, 
serving  as  a  source  of  hydrogen  in  techniques  such  as 
molecular  beam  epitaxy. 

Ion  channeling  experiments  [30]  may  provide  further 
evidence  for  the  presence  of  interstitial  H  in  ZnO.  Ohta 
et  al  [30]  used  ion  channeling  to  investigate  the  lattice 
positions  of  the  host  atoms  in  ZnO.  They  found  that  Zn 
atoms  have  a  much  greater  tendency  to  displace  from 
"The  atomic  rows  along  the  <  0001  >  direction  than  oxy- 
gen  atoms.  This  is  in  agreement  with  our  result  that 
for  the  lowest-energy  configuration  of  H"*",  at  the  bond- 
center  site,  large  displacements  of  the  Zn  atoms  occur. 
The  concentration  of  the  point  defect  giving  rise  to  the 
displacement  was  estimated  to  be  on  the  order  of  10^® 
cm“"^  [30].  These  results  are  consistent  with  the  presence 
of  hydrogen  as  an  unintentional  donor. 

Finally,  we  comment  on  the  possibility  of  achieving 
p-type  conductivity  in  ZnO.  Given  its  size  and  chemi¬ 
cal  similarity  to  oxygen,  nitrogen  is  probably  the  most 
promising  candidate  acceptor.  Our  preliminary  investi¬ 
gations  indicate  that  nitrogen  would  be  a  reasonably 
shallow  acceptor,  but  with  a  low  solubility.  In  addition, 
compensation  by  oxygen  vacancies  may  occur.  Co-doping 
with  hydrogen  could  potentially  be  beneficial,  as  it  was 
in  the  case  of  p-type  doping  of  GaN.  The  success  of  this 
approach  will  depend  on  the  ability  to  remove  hydrogen 
from  the  p-type  layer  after  the  growth. 

5  Summary 

We  have  described  a  theoretical  approach  for  studying 
doping  of  semiconductors,  taking  the  effects  of  (inten¬ 
tional  and  unintentional)  impurities  as  well  as  point  de¬ 
fects  into  account.  The  framework  is  generally  applica¬ 
ble,  but  has  been  applied  here  to  identify  and  overcome 
bottlenecks  in  doping  of  wide-band-gap  semiconductors. 
Inspection  of  formation  energies  for  the  relevant  impuri¬ 
ties  and  defects  provides  immediate  insight  in  their  elec¬ 
tronic  properties,  as  well  as  their  expected  concentra¬ 
tions  in  the  material. 

In  GaN,  we  have  shown  that  nitrogen  vacancies  are 
unlikely  to  be  responsible  for  unintentional  n-type  con¬ 
ductivity;  rather,  impurities  such  as  silicon  or  oxygen 
act  as  unintentional  dopants,  p-type  GaN  benefits  from 
the  incorporation  of  hydrogen  during  growth,  which  sup¬ 
presses  compensation  and  enhances  the  solubility  of  the 
acceptor.  This  is  an  example  of  defect  and  impurity  en¬ 
gineering. 

For  ZnO,  native  defects  are  again  unlikely  as  the 
cause  of  unintentionally  n-type  conductivity.  In  partic¬ 
ular,  the  widely  discussed  oxygen  vacancy  is  a  deep, 
rather  than  a  shallow  donor.  We  have  proposed  hydrogen 
as  a  candidate  for  the  unintentional  donor.  In  contrast 
to  other  semiconductors,  hydrogen  is  not  amphoteric  in 
ZnO,  but  occurs  exclusively  as  a  donor.  Controlling  the 
conductivity  of  ZnO  thus  requires  careful  control  of  hy- 
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drogen  exposure  during  and  after  growth.  We  suggest 
that  the  behavior  observed  here  for  hydrogen  in  ZnO  is 
likely  to  occur  in  other  oxide  materials  as  well.  The  fun¬ 
damental  insights  provided  by  the  present  work  should 
prove  useful  for  studying  and  controlling  hydrogen  in 
other  systems. 
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ABSTRACT 

The  microscopic  structure  of  Mg-H  complexes  in  GaN  has  been  a  subject  of  intense 
theoretical  and  experimental  investigation.  In  order  to  probe  the  Mg-H  structure,  we  have 
studied  the  effect  of  hydrostatic  pressure  on  the  local  vibrational  mode  (LVM)  frequency.  At 
ambient  pressure,  the  LVM  frequency  is  3125  cm'*,  which  corresponds  to  a  N-H  stretching 
mode.  In  this  study,  Fourier-transform  spectroscopy  was  performed  on  free-standing  GaN:Mg,H 
samples  in  a  diamond-anvil  cell,  with  nitrogen  as  a  pressure-transmitting  fluid.  The  samples  had 
been  removed  from  their  sapphire  substrate  by  the  laser-liftoff  technique.  The  LVM  frequency 
was  measured,  at  liquid  helium  temperatures,  for  pressures  ranging  from  0  to  5  GPa.  The 
pressure  dependence  of  the  frequency  is  nonlinear:  first  it  decreases  with  pressure,  then  it 
increases.  Comparison  with  first-principles  calculations  allows  us  to  derive  information  about 
the  microscopic  structure  of  the  Mg-H  complex.  The  calculated  stable  configuration  indeed 
gives  rise  to  a  frequency  shift  consistent  with  experiment.  Based  on  the  comparison  between 
theory  and  experiment,  we  can  exclude  the  bond-center  configuration,  which  would  result  in  a 
much  larger  pressure  derivative  than  experimentally  observed. 

INTRODUCTION 

GaN  is  a  preferred  material  for  optoelectronic  devices  such  as  blue- violet  and  UV  light- 
emitting  diodes  (LEDs)  and  lasers  [1,2].  Effective  p-type  doping  of  GaN  has  been  a  significant 
challenge  for  the  fabrication  of  efficient  devices  with  long  operating  lifetime.  Metalorganic 
chemical  vapor  deposition  (MOCVD)  is  the  dominant  growth  technique  for  IH-V  nitride  devices, 
with  Mg  the  most  common  p-type  dopant.  As  a  result  of  hydrogen  passivation  during  growth, 
as-grown  GaN:Mg  is  semi-insulating.  It  was  shown  empirically  that  low  energy  electron  beam 
irradiation  [3]  or  thermal  annealing  at  temperatures  above  600°C  in  an  N2  ambient  [4]  were 
required  to  activate  the  Mg  acceptors.  Infrared  (IR)  spectroscopy  was  used  to  positively  identify 
the  Mg-H  complexes  [5]. 

The  stretch-mode  frequency  of  hydrogen  in  the  Mg-H  complex  was  calculated  to  be 
approximately  3360  cm'*  [6,7],  consistent  with  a  N-H  stretching  mode.  The  LVM  was  observed 
at  3125  cm  *  in  4  pm  thick  epilayers  of  MOCVD-grown  GaN:Mg  [5].  Upon  annealing,  the  peak 
at  3125  cm  *  decreased  by  a  factor  of  two  and  was  correlated  with  an  increase  in  the 
conductivity.  Annealed  samples  that  are  exposed  to  a  remote  deuterium  plasma  show  a 
deuterium  stretch  mode  peak  at  2321  cm  *.  The  isotopic  frequency  ratio  is  r  =  Vh/vd  =  1.346, 
which  is  very  similar  to  that  of  NH3  (r  =  1.342),  lending  further  support  to  the  N-H  model.  The 
details  of  the  microscopic  structure,  however,  have  not  been  resolved  conclusively  [8]. 
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Figure  1.  Cross  section  of  DAC  assembly  designed  for  IR  spectroscopy.  Diamond  anvils, 
gasket,  and  sample  are  shown  in  the  inset. 


Until  recently,  experimental  and  theoretical  studies  have  focused  on  the  antibonding  (AB) 
and  bond-centered  (BC)  configurations.  Polarized  IR  absorption  experiments  by  Clerjaud  et  al. 
[9]  have  indicated  that  the  N-H  bond  lies  at  a  130°  angle  to  the  c-axis.  This  angle  is  incompatible 
with  the  AB  configuration,  in  which  the  N-H  bond  occurs  at  ~1 10  °  to  the  c-axis.  Recently,  first- 
principles  calculations  [7,10]  have  shown  that  a  novel  “OA”  (off-axis)  configuration  exhibits  a 
134°  angle,  in  good  agreement  with  Ref  [9].  Although  the  OA  configuration  is  higher  in  energy 
than  AB  atT=0,  it  is  stabilized  at  high  temperatures  due  to  an  increase  in  the  entropy  [10]. 

EXPERIMENTAL  DETAILS 

In  order  to  probe  the  Mg-H  structure,  we  studied  the  effect  of  hydrostatic  pressure  on  the 
LVM  frequency.  To  measure  the  IR  spectra  of  semiconductors  under  pressure,  a  custom 
diamond  anvil  cell  was  used  (Fig.  1).  In  this  cell,  force  is  applied  by  six  Allen  screws,  which 
squeeze  together  a  piston  and  cylinder  [11].  The  diamonds  are  supported  by  flat  and 
hemispherical  backing  plates  made  from  tungsten  carbide.  An  off-axis  parabolic  mirror 
efficiently  focuses  the  collimated  IR  beam  onto  the  sample.  A  photoconducting  Ge:Cu  detector 
[12]  is  placed  in  close  proximity  to  the  sample,  so  that  a  large  fraction  of  the  transmitted  IR  light 
is  collected.  The  entire  assembly  is  placed  in  a  Janis  STVP-100  liquid-helium  cryostat  and  kept 
at  a  temperature  of  6-12  K.  The  low  temperatures  are  advantageous  for  two  reasons.  First,  the 
LVM  lines  sharpen  with  decreasing  temperature.  Second,  the  sensitive,  low-noise  Ge:Cu 
detector  operates  at  liquid-helium  temperatures. 

Diamonds  are  transparent  over  a  wide  spectral  range,  although  type  I  diamonds  contain 
nitrogen  impurities  that  strongly  absorb  from  1000  to  1500  cm''.  Type  II-A  diamonds,  used  in 
this  study,  do  not  contain  this  absorption  band.  However,  all  diamonds  contain  a  two-photon 
absorption  band  around  2100  cm''.  N2,  Ar,  or  He  are  typically  used  as  the  ambient,  since,  unlike 
alcohol  mixtures,  they  are  transparent  to  IR  light.  In  this  work,  N2  was  used.  In  N2,  a  vibrational 
mode  of  CO2  impurities  is  sensitive  to  pressure  and  was  used  as  a  precise  in  situ  pressure 
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Figure  2.  Pressure  dependence  of  IR-active,  two-phonon  modes  in  GaN  at  a  temperature  of 
8K. 


calibration  for  these  IR  absorption  experiments  [13].  This  calibration  has  been  established  up  to 
a  pressure  of  7  GPa. 

The  sample  consisted  of  a  1  pm  layer  of  GaN:Mg,H  on  a  4  pm  layer  of  nominally  undoped 
GaN,  grown  by  MOCVD  on  a  sapphire  substrate.  The  primary  difficulty  in  these  experiments 
was  obtaining  a  sufficient  signal-to-noise  ratio,  given  the  very  weak  absorption  coefficient  of  the 
Mg-H  peak.  To  achieve  that  goal,  the  GaN  epilayer  was  removed  from  the  sapphire  substrate  by 
the  laser  lift-off  technique  [14].  Several  (5-10)  pieces  were  placed  in  the  diamond-anvil  cell  and 
subjected  to  pressure,  using  liquid  nitrogen  as  an  ambient.  Given  the  large  number  or  samples  in 
the  DAC,  the  effective  sample  thickness  was  increased,  thereby  increasing  the  absorption  of  the 
Mg-H  peak. 

DISCUSSION 

Lattice  Phonons 


Strong  IR  absorption  peaks  were  observed  in  the  spectral  region  around  1300  cm  ’.  These 
peaks  are  attributed  to  two-phonon  modes  of  the  GaN  lattice.  The  peak  frequencies  of  two  of 
these  peaks  are  plotted  as  a  function  of  pressure  in  Fig.  2.  Linear  fits  to  the  data  yield 

Vi  =  (1284.8  ±0.4)  + (8.1  ±0.2)P  (1) 

V2  =  (13 17.8  ±  0.4)  +  (8.6  ±  0.2)P  (2) 

where  the  frequencies  v  are  in  units  of  cm’’  and  the  pressure  P  is  in  units  of  GPa.  The  pressure 
calibration  was  determined  by  CO2  molecules  in  the  solid  N2  ambient.  In  some  experiments, 
however,  there  was  not  a  sufficiently  high  concentration  of  CO2  to  use  that  method.  Hence,  for 
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Figure  3.  IR  spectra  of  GaN:Mg,H  at  two  different  pressures,  at  a  temperature  of  8  K. 


consistency,  the  pressure  dependence  of  the  two-phonon  peaks  was  used  as  an  internal  pressure 
calibrant,  via  Eqs.  (1)  and  (2). 

Mg-HLVM 

IR  spectra  of  GaN:Mg,H  at  two  different  pressures  are  shown  in  Fig.  3.  The  LVM  frequency  is 
shown  as  a  function  of  pressure  in  Fig.  4.  The  data  points  in  Fig.  4  are  a  compilation  of  two 
separate  experiments,  in  which  different  pieces  from  the  same  wafer  were  loaded  into  the  DAC. 
After  each  spectrum  was  obtained,  the  sample  was  warmed  to  room  temperature  and  the  pressure 
was  adjusted.  The  pressure  was  increased  and  decreased  several  times,  and  no  hysteresis  was 


Figure  4.  Pressure  dependence  of  the  Mg-H  LVM  frequency  in  GaN  at  a  temperature  of  8 
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observed.  For  pressures  0<P<2  GPa,  the  intensity  of  the  peak  was  generally  weaker  than  for 
P>2  GPa.  Hence,  in  spite  of  many  attempts,  only  three  reliable  data  points  were  obtained  for  the 
low-pressure  range.  Interestingly,  the  L\nVI  frequency  appears  to  decrease  with  pressure,  then 
increase.  A  piecewise  linear  fit  to  the  data  yields: 


(3125.0  +  0.4)-(1.4±0.4)P 
(3118.3±1.1)  +  (2.8±0.3)P 


P<1.6 

P>1.6 


(3) 


Theory 

The  experimental  pressure  shifts  were  compared  with  predictions  from  first-principles 
calculations,  using  density  functional  theory  in  the  local  density  approximation  and  norm- 
conserving  potentials  with  a  plane- wave  basis  set  [10].  To  simulate  hydrostatic  pressure,  the  a 
and  c  lattice  constants  were  each  reduced  by  1%.  Assuming  a  bulk  modulus  of  200  GPa,  an 
isotropic  strain  of  1%  (volume  decrease  of  3%)  corresponds  to  approximately  6  GPa.  Given  that 
value,  the  pressure  derivatives  of  the  LVM  frequencies  were  calculated  for  hydrogen  in  the  BC, 
AB,  and  OA  configurations.  For  the  BC  configuration  (where  H  was  inserted  into  a  Mg-N  bond 
along  the  c-axis),  the  frequency  shift  was  15  cm'VGPa,  much  larger  than  the  experimentally 
observed  shifts  in  Eq.  (3).  Therefore,  we  can  safely  exclude  BC  as  a  candidate  for  the  observed 
Mg-H  complexes.  Tbe  first-principles  calculations  actually  show  that  BC  is  not  a  stable 
configuration:  a  small  displacement  causes  it  to  relax  to  the  OA  configuration.  The  calculated 
AB  and  OA  frequency  shifts  were  -0.3  and  1.5  cm'*,  respectively.  For  the  AB  configuration,  the 
N-H  bond  form^  an  angle  of  109°  with  the  c-axis.  In  the  AB  and  OA  positions,  the  hydrogen  is 
not  crowded  by  neighboring  atoms,  resulting  in  a  relatively  small  frequency  shift.  The  error 
bars  for  the  calculated  frequencies  are  too  large  to  unambiguously  distinguish  between  AB  and 
OA  based  on  the  measured  pressure  shifts.  However,  we  observe  that  the  calculated  result  for 
OA  agrees  reasonably  well  with  experiment  for  P  >  1.6  GPa. 

CONCLUSIONS 

By  measuring  the  pressure  dependence  of  the  GaN:Mg,H  LVM  and  comparing  with  first- 
principles  calculations,  the  BC  configuration  can  be  ruled  out.  The  unresolved  question  is 
whether  hydrogen  is  more  likely  to  reside  in  the  AB  or  OA  configurations.  The  experimental 
pressure  shift  at  larger  pressures  is  more  consistent  with  the  OA  configuration,  but  the  error  bars 
on  the  calculated  frequencies  do  not  allow  an  unambiguous  identification.  These  uncertainties 
render  it  even  more  difficult  to  address  the  cause  of  the  discontinuity  in  the  slope  of  the  Mg-H 
LVM  vs.  pressure  plot.  A  transformation  between  different  configurations  appears  unlikely, 
since  no  discontinuity  is  observed  in  the  frequency.  Another  possibility  is  that  the  nonlinear 
pressure  dependence  is  due  to  a  “buckling”  of  the  OA  hydrogen  under  pressure,  similar  to  what 
is  observed  in  Si:0  [15].  In  future  work,  to  test  isotope  effects,  GaN:Mg,D  samples  will  be 
investigated. 
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ABSTRACT 


We  describe  a  novel  configuration  of  the  Mg-H  complex  in  GaN,  which  is  not  the  lowest- 
energy  configuration  at  T=0  but  is  stabilized-aleleyated  temperatures  by  the  largo  ontrr^ 
^sociated  with  a  set  of  low-energy  rotational  excitations.  We  focus  on  a  comparison  with 
^o  types  of  experimental  results:  (1)  vibrational  spectroscopy  using  polarized  light  fB. 
Clerjaud  et  al  Phys.  Rev.  B  61,  8328  (2000)];  and  (2)  ion-channeling  [W.  Wampler  et 
al  J.  Appl.  Phys.  90,  108  (2001)].  New  results  on  the  predicted  quantum-mechanical 

delocalization  of  the  hydrogen  atom  and  on  the  effect  of  replacing  hydrogen  with  deuterium 
are  reported. 


INTRODUCTION 

Contmued  progress  in  nitride-based  devices  has  been  hampered  by  the  limited  carrier 
concentrations  in  p-type  material.  While  various  alternative  dopants  (such  as  Be)  fl  2  3] 
are  being  explor^  most  efforts  are  still  focused  on  improving  the  doping  efficiency  with 
Mg,  the  most  widely  used  acceptor.  Hydrogen  is  known  to  play  an  important  role  in  p-type 
doping,  and  is  abundantly  present  in  the  growth  environment  of  many  growth  techniques 
used  for  GaN  Hydrogen  passivates  the  acceptors  during  growth,  rendering  the  as-grown 
material  highly  resistive.  A  post-growth  anneal  dissociates  the  Mg-H  complexes  and  re¬ 
moves  the  hydrogen  from  the  vicinity  of  the  acceptors,  resulting  in  ;^type  conductivity. 
This  process  can  be  experimentally  investigated  by  monitoring  the  local  vibrational  modes 
associated  with  the  Mg-H  complex.  The  stretching  mode  of  this  complex  occurs  at  3125 
cm  ,  and  disappears  during  the  activation  process  [4]. 

Despite  the  established  role  of  hydrogen  in  the  doping  process,  the  details  of  the  micro¬ 
scopic  configuration  of  the  Mg-H  complex  have  proved  elusive.  A  frequency  of  3125  cm-^  is 
too  ^h  to  be  associated  with  a  Mg-H  bond.  Previous  computational  studies  [5,  6]  showed 
^at  H  prefers  to  bond  with  a  neighboring  N  atom  rather  than  with  the  Mg  acceptor  itself. 
The  vibrational  frequencies  were  calculated  for  various  configurations,  and  it  was  found 
that  hydrogen  in  an  antibonding  position  (ABn)  provided  the  best  agreement  with  the  ex¬ 
perimental  firequency,  whereas  the  bond-center  (BC)  configuration  (H  inserted  in  the  bond 
between  Mg  and  N)  is  energetically  less  favorable  and  yields  a  much  higher  vibrational 
frequency  (by  several  100  cm'^).  Since  then,  discussions  of  experimental  results  on  Mg-H 
complexes  [7,  8]  have  focused  on  the  ABn  configuration.  While  those  experiments  have 
helped  to  rule  out  the  BC  configuration,  they  did  not  confirm  the  ABn  configuration,  and 
in  tact  raised  some  questions  about  that  assignment. 

Qe^aud  et  al  [7]  performed  multitransmission  infrared  spectroscopy  with  polarized 
/w aligned  along  the  c-axis.  In  fact,  they  found 

induced  by  the  mode)  forms  an  angle  of 
130±5  with  the  c-axis.  This  value  is  distinctly  different  from  the  109°  angle  in  the  ABm 
configuration.  ^ 
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Wampler  et  al.  [8]  performed  ion  channeling,  using  an  incident  analysis  beam  of  850  keV 
He"*”  ions.  Nuclear  reaction  analysis  was  used  to  detect  the  position  of  deuterium,  using 
the  ^H(^He,^H)^He  reaction,  and  the  proton  yield  was  measured  as  a  function  of  (small) 
angles  between  the  analysis  beam  and  c-axis.  Wampler  et  al.  performed  simulations  of 
the  yield  results  for  various  possible  lattice  locations  of  the  hydrogen,  including  ABn  i , 
BC||,  and  C  (at  the  center  of  the  hexagonal  channel).  Note  that  the  notation “||”  is  used  to 
indicate  an  orientation  of  the  N-H  bond  parallel  to  the  c  axis,  while  ±  indicates  the  other 
orientations  (at  ~109°  with  the  c  axis).  None  of  the  simulated  channeling  yield  curves  in 
—  j.T._  „  measured  yield 


Figure  1.  Perspective  view  of  Mg-H  complexes  in  (a)  the  &ud  (b)  the  OA||  configurations. 

The  path  of  H  rotating  around  the  bond  axis  is  also  shown  in  (b).  (c)  Quantum-mechanical 
probabilities  to  find  H  at  an  angle  tp  in  the  OA||  configuration,  for  a  few  selected  states  (solid 
lines).  The  ground  state  (with  energy  17  meV)  is  shown  as  a  thick  line,  the  3rd  excited  state  as 
a  medium  line  (39  meV)  and  the  8th  excited  state  as  a  thin  line  (98  meV).  The  potential  used  in 
the  calculation  is  shown  as  a  thin  dashed  line. 

We  have  recently  proposed  a  novel  configuration  of  the  Mg-H  complex  which  is  mi¬ 
croscopically  distinct  from  the  ABn  and  BC  configurations.  The  N-H  bond  in  this  con¬ 
figuration,  which  we  call  OA||  (for  “off-axis”),  forms  an  angle  of  134°  with  c-axis,  in  very 
good  agreement  with  the  value  130±5  °  measured  by  Clerjaud  et  al.  [7].  The  ABn  and 
OA||  configurations  are  illustrated  in  Fig.  1.  The  OA||  configuration  can  be  thought  of 
as  originating  from  a  BC||  configuration,  but  due  to  the  large  size  of  the  Mg  atom  the 
hydrogen  is  pushed  away  from  the  bond  axis.  We  find,  indeed,  that  the  BC  configurations 
(BC||  and  BC_l)  are  not  stable,  and  that  a  small  distortion  leads  to  a  relaxation  towards 
the  OA||  configuration. 

The  OA||  configuration  is  not  the  lowest-energy  configuration  at  T=0,  but  is  stabilized 
at  high  temperature  due  to  a  large  entropy  contribution.  This  contribution  arises  from 
low-energy  rotational  excitations:  in  the  OA||  configuration,  the  H  is  not  locked  into  a 
single  position,  but  can  rotate  almost  freely  around  the  Mg-N  bond  axis.  The  free-energy 
calculations  have  been  described  elsewhere  [9]  and  will  not  be  repeated  here.  In  this  paper 
we  focus  on  interpretations  of  experimental  results  in  light  of  the  novel  OA||  configuration. 
In  particular: 

(i)  It  is  unclear  whether  at  the  low  temperature  (5  K)  used  in  the  vibrational  spec¬ 
troscopy  experiments  [7]  the  hydrogen  atom  is  quantum-mechanically  delocalized  or  not. 
We  will  show,  however,  that  even  if  the  hydrogen  is  delocalized  the  procedure  used  in 
Ref.  [7]  to  derive  the  angle  with  the  c  axis  remains  valid.  This  will  involve  a  generalization 
of  Eq.  (1)  of  Ref.  [7]. 
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(ii)  The  projection  of  the  hydrogen  position  on  the  [0001]  plane  for  the  OA||  config¬ 
uration  is  different  from  any  of  the  positions  used  in  the  channeling-yield  simulations  of 
Wampler  et  al.  [8].  We  will  argue  that  the  OA||  configuration  may  provide  a  suitable 
match  to  their  experimental  results. 

(iii)  Isotopic  substitution  is  frequently  employed  in  experimental  studies  of  hydrogen 
in  semiconductors.  In  fact,  deuterium  was  used  in  the  ion-channeling  studies  of  Ref.  [8]. 
We  will  investigate  the  effect  of  isotopic  substitution  on  the  free  energy  of  the  OA||  con¬ 
figuration,  in  order  to  address  whether  the  stabilization  of  OA||  also  holds  in  the  case  of 
deuterium. 


-QlIANTmi-MECHANICAL  DELQGALIZATI0N 

The  ABn,±  and  OA||  configurations  are  illustrated  in  Fig.  1.  Our  calculated  N-H  bond 
stretching  frequency  is  3092  cm"^  for  ABn.j.  and  3109  cm-^  for  OA||.  The  numbers  quoted 
here  include  a  systematic  correction,  based  on  a  comparison  between  calculated  and  ex¬ 
perimental  results  for  NH3  [9].  Both  of  these  frequencies  are  very  close  to  the  experimental 
value  of  3125  cm“^  [4,  7]  and  essentially  indistinguishable  within  our  calculational  accu¬ 
racy.  In  order  to  differentiate  between  these  two  configurations,  one  needs  to  invoke  other 
experiments  that  can  probe  the  geometry. 

The  OA||  configuration  has  a  low  energy  barrier  (Ej,^=32  meV)  for  H  to  orbit  around 
the  Mg-N  bond  [see  Fig.  1(b)].  In  the  case  of  a  free  rotor  (^6^=0),  H  would  exhibit 
equal  probability  to  occur  at  any  ip,  even  at  r=0.  For  the  case  at  hand,  the  corrugated 
potential  causes  an  uneven  but  symmetric  (three-fold  symmetry  imposed  by  the  hexagonal 
crystal)  distribution  of  the  probability  ]  [^  to  find  H  at  the  azimuthal  coordinate  tp. 

For  simplicity,  we  replaced  the  corrugated  potential  with  an  approximation:  I^(<^)  = 
Eb^{cosZp  +  l)/2.  Since  the  energy  barrier  is  low,  H  is  delocalized  and  the  probability  is 
non- vanishing  at  all  p.  In  Fig.  1(c),  the  potential  is  shown  with  a  thin-dashed  fine  and 
probabilities  |  tprn  P  for  selected  states  are  shown  in  solid  lines. 

DISCUSSION  OF  INFRARED  SPECTROSCOPY  RESULTS 

Clerjaud  et  al.  [7]  used  polarized  infrared  light  to  reveal  additional  details  of  the  ge¬ 
ometry  of  the  Mg-H  complex,  in  particular,  the  orientation  of  the  electric  dipole  induced 
by  the  bond-stretching  mode.  They  argued  that,  since  hydrogen  has  the  largest  amphtude 
in  the  stretching-mode  vibration,  the  direction  of  the  dipole  is  roughly  the  same  as  the 
direction  of  the  N-H  bond.  They  found  that  the  dipole  forms  an  angle  6*  =  130  ±  5°  with 
the  c-axis.  Their  conclusion  was  based  on  an  analysis  of  the  intensities  of  the  fines  obtained 
with  different  polarizations.  In  this  analysis,  it  was  assumed  that  the  configuration  would 
be  static,  and  that  H  could  occur  in  any  of  three  equivalent  configurations  (imposed  by 
the  hexagonal  symmetry).  Here  we  generalize  the  analysis  of  the  polarized-light  measure¬ 
ments  in  Ref.  [7]  to  include  the  delocalization  of  the  hydrogen  that  occurs  in  the  OAm 
configuration. 

Clerjaud  et  al.  wrote  the  intensity  as  a  summation  over  three  equivalent  configurations: 

/  oc  2cos2(E,Pi)  =  ^(^;^)2.  (1) 

E  is  the  electric  field  of  the  light,  and  pj  is  the  electric  dipole  induced  by  the  vibration  of  a 
complex  in  configuration  i.  Applying  this  analj^is  to  hydrogen  in  the  OA||  configuration, 
we  have  to  take  the  delocalization  into  account.  The  angle  6  with  the  c  axis  remains 


12.5.3 


constant  for  all  hydrogen  locations,  but  hydrogen  can  occur  at  a  continuum  of  angles  ip 
[see  Fig.  1(c)].  We  define  P{ip)  as  the  probability  that  hydrogen  appears  at  an  angle 
p.  Threefold  symmetry  is  maintained,  since  the  probability  P{p)  exhibits  the  symmetry 
of  the  crystal  [see  Fig.  1(c)].  The  direction  of  the  dipole  is  given  by  the  unit  vector 
u(c^)  =  [sin  6^  cos  sin  ^  sin  (/?,  cos  0]  .  We  can  then  write  the  generalization  of  Eq.  (1)  for 
the  intensity  of  the  light  absorbed  by  the  OA||  configuration  as: 

^ "  r  = r  (2) 

We  explicitly  .evaIuated-Eq,  {2)-for^TE"=~^[fr9i~Q]  and  EItm  =  £'[0,  sin  a,"cosiT[~  ~a~defining 
the  angle  of  the  electric  field  inside  the  GaN  crystal  for  the  TM  mode,  and  taking  into 
account  the  symmetry  of  P{p).  This  results  in: 

.^TE  _  sin^  6 

■^TM  (Scos^Q;  —  l)cos2  0  +  sin^a 

This  is  exactly  the  same  result  as  reported  by  Clerjaud  et  al.  for  the  “static”  case.  Our 
derivation  confirms  that  the  analysis  and  conclusions  of  Ref.  [7]  are  equally  valid  in  the 
case  of  delocalization  of  the  hydrogen  atom,  as  in  the  OA||  configuration. 


DISCUSSION  OF  ION  CHANNELING  RESULTS 


Wampler  et  al.  [8]  have  investigated  hydrogen  configurations  in  Mg-doped  GaN  with 
ion  channeling.  They  used  deuterium  instead  of  hydrogen  in  order  to  enable  its  detection 
by  nuclear  reaction  analysis  (NRA),  at  room  temperature.  The  angle  of  the  analysis  beam 
(850  keV,  ^He+  ions)  is  varied  from  varied  from  0°  up  to  2°  with  respect  to  the  c-axis.  For 
off-axis  measurements  azimuthal  averaging  was  used.  The  proton  yield  was  measured  as 
a  function  of  incident  beam  angle,  and  simulations  of  the  yield  were  performed  for  various 
configurations  of  H  in  the  wurtzite  lattice.  Those  configurations  are  illustrated  in  Fig.  2. 
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Figure  2:  Lattice  locations  considered  for 
the  analysis  of  ion-channeling  measurements  by 
Wampler  et  al.  [8].  Projected  positions  of  hy¬ 
drogen  in  the  OA||  configuration  are  shown  as 
the  dash-dotted  circle. 


Temperature  (K) 

Figure  3:  Free  energy  differences  between 
ABn_j_  and  OA||  configurations  of  Mg-H  and 
Mg-D  complexes  as  a  function  of  temperature. 


The  simulated  yield  curves  (Fig.  2  of  Ref.  [8])  have  distinctive  features  that  can  be 
understood  by  inspection  of  the  crystal  geometry.  Curve  C,  corresponding  to  the  center 
of  the  open  channel,  exhibits  a  narrow  peak,  corresponding  to  maximum  yield  when  the 
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analysis  beam  is  parallel  to  the  c-axis.  The  C  configuration  could  include  isolated  intersti¬ 
tial  H  in  the  neutral  or  negative  charge  states,  as  well  as  H2  molecules.  The  AB  curve  is 
similar  to  the  C  curve,  although  the  central  peak  is  lower  because  H  is  now  closer  to  the 
host  atoms.  This  location  would  be  appropriate  for  the  ABn^  configuration  of  the  Mg-H 
complex  (or  of  isolated  H).  On  the  other  hand,  the  S  curve,  corresponding  to  a  location 
in-line  with  the  host  atoms,  exhibits  a  broad  dip,  corresponding  to  minimum  yield  at  0° 
because  the  H  atoms  are  then  completely  blocked  by  the  host  atoms.  Once  the  beam  is 
moved  off-axis  the  H  atoms  are  exposed.  We  note  that  the  S  curve  would  include  BCn  as 
well  as  ABn.ii  configurations.  We  found  the  former  to  be  unstable,  while  the  latter  is  about 
0.3  eV  higher  in  energy  than  ABn  ^-  The  BC  site,  finally,  which  corresponds  to  BCni, 
also  produces  a  dip,  but  it  io  narrower  than  in  the  S  cmve.  AgainrwtrfDitnd  BC  sites  to 
be  unstable  in  our  calculations. 

Experimentally,  the  clearest  results  were  obtained  for  “gas  charged”  samples,  which 
were  exposed  to  deuterium  gas  at  88  kPa  and  700  °C  for  4  hours  [8].  Other  hydrogena¬ 
tion  methods  (plasma  charging  or  implantation)  carry  the  risk  of  introducing  damage  and 
exhibit  a  higher  degree  of  hydrogen  incorporation  in  configurations  other  than  Mg-H  com¬ 
plexes.  The  measured  yield  for  the  gas-charged  sample  exhibits  a  narrow  peak  at  the  center 
(comparable  to  the  AB  simulation)  plus  a  broad  dip,  comparable  to  the  S  simulation  In 
order  to  fit  this  yield,  Wampler  et  al.  had  to  assume  that  20%  of  the  H  was  in  AB  sites, 
30%  in  S  sites,  and  50%  was  randomly  placed.  They  pointed  out  that  this  result  seems 
to  conflict  with  the  expectation  that  most  of  the  hydrogen  should  be  in  the  lowest-energy 
configuration,  which  was  thought  to  be  ABn,x  for  the  Mg-H  complex.  They  suggested  that 
hydrogen  might  be  excited  into  higher  energy  configurations,  possibly  due  to  hot  electrons 
produced  by  the  channeling  analysis  ion  beam. 

Here  we  propose  that  the  features  observed  in  the  measured  yield  curve  can  be  explained 
by  invoking  the  OA||  configuration  of  Mg-H  complexes.  At  room  temperature,  H  in  OAii  is 
orbiting  around  Mg-N  bond  (along  the  c  axis),  with  almost  equal  probability  of  occurring 
at  any  azimuthal  angle.  The  projection  of  the  hydrogen  path  is  shown  in  Fig.  2.  The 
nature  of  this  configuration  leads  us  to  expect  that  the  features  it  would  produce  in  a 
yield  curve  would  be  some  combination  of  the  AB,  S,  and  BC  curves.  We  also  point  out 
that,  in  addition  to  the  quantum-mechanical  delocalization  associated  with  the  angle  (/?, 
H  at  OA||  also  exhibits  a  sizable  vibrational  amplitude  due  to  a  relatively  low-frequency 
bending  mode  [coordinate  in  Fig.  1(b)].  In  addition  to  this  classical  motion,  H  may 
exhibit  some  quantum-mechanical  delocalization  in  the  direction  towards  the  Mg-N  bond 
as  well:  indeed,  while  our  calculations  show  BC||  to  be  unstable,  this  configuration  is  only 
about  0.1  eV  higher  in  energy  than  OA||,  raising  the  possibility  of  tunneling  through  the 
bond.  All  these  contributions  enhance  the  “S  like”  appearance  of  the  yield  for  OAn.  We 
also  note  that  the  quantum-mechanical  delocalization  of  hydrogen  (as  opposed  to  being 
located  at  discrete  sites)  may  enhance  the  appearance  of  being  located  in  random  sites,  as 
w^  found  to  be  necessary  for  50  %  of  the  hydrogen  in  the  simulations  of  Wampler  et  al. 
[8].  An  explicit  simulation  of  the  yield  curve  for  the  OA||  configuration  would  of  course 
provide  a  firmer  confirmation  of  our  proposal. 

DIFFERENCES  BETWEEN  HYDROGEN  AND  DEUTERIUM 

Deuterium  is  often  used  in  experimental  studies  of  hydrogen  in  semiconductors.  Using 
deuterium  helps  to  overcome  the  sensitivity  problems  associated  with  hydrogen  in  sec¬ 
ondary  ion  mass  spectroscopy  (SIMS).  Vibrational  spectroscopy  studies  often  use  D  to 
check  for  isotope  shifts,  which  can  help  in  identification  of  local  vibrational  modes.  And, 
as  we  saw  above,  the  ion  channeling  studies  of  Wampler  et  al.  [8]  were  carried  out  with 
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deuterium  to  take  advantage  of  the  2H(3He/H)^He  reaction. 

The  OA||  configuration  of  the  Mg-H  complex  is  stabilized  at  elevated  temperatures  due 
o  the  large  entropy  associated  with  low-frequency  rotational  excitations.  These  excitations 
are  sensitive  to  the  mass  of  the  hydrogen  atom.  It  is  therefore  important  to  investigate 
the  differences  that  occur  upon  replacing  hydrogen  with  deuterium.  We  examined  the 
difference  m  free  energies  AF  due  to  vibrational  and  rotational  excitations-  AF  =  F' -  F 
where  F'  and  F  are  the  free  energies  of  OA„  and  ABn.i  configurations,  respectively.  The 
tree  energies  were  evaluated  following  the  calculational  approach  outlined  in  Ref.  [91. 

The  individual  components  of  the  free  energy  (corresponding  to  stretching,  bending 

incur  sizable  changes  when  we  replace  H  by  D.  It  turns  out! 

Xl.OW0VGr,  t/lTSlt)  it n T^lniiTifToo  loV’riViltr  ^ ^ _ ^  -  j 
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be  seen  m  Fig.  3,  AF  for  deuterium  is  very  similar  to  that  of  hydrogen,  particularly  in 
the  temperature  range  of  interest  for  stabilization  of  the  OAm  configuration.  For  all  the 
temperatos  of  interest,  the  AF  values  for  H  and  D  differ  by  less  than  0.01  eV.  Replacing 
H  with  D  therefore  does  not  affect  our  conclusions  about  the  stabilization  of  the  OAm 
configuration  at  elevated  temperatures. 

CONCLUSIONS 

We  have  discussed  a  novel  configuration  for  the  Mg-H  complex  in  GaN  (OAm)  that  is 
consistent  with  the  recent  polarized  infrared  spectroscopy  results  of  Clerjaud  et  aZ  [71  In 

wffh  ^  agreement 

HplnPfll-  m  Ref.  [7].  We  have  shown  that  the  quantum-mechanical 

delocalization  of  the  hydrogen  does  not  affect  the  the  analysis  leading  to  the  conclusions  of 

*  Vh  ’  u  discussed  the  lon-channeling  experiments  of  Wampler  et  al.  [81,  pointing 
out  that  the  OA||  configuration  may  provide  a  better  match  to  the  measured  yields.  Finally 
we  verified  that  the  entropy-driven  mechanisms  that  stabilize  the  OAn  configuration  are 
on  y  very  weakly  affected  by  an  isotopic  substitution  (deuterium  replacing  hydrogen). 
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The  structural  and  electronic  properties  of  beryllium  substitutional  acceptors  and  interstitial  donors  in  GaN 
are  investigated  using  first-principles  calculations  based  on  pseudopotentials  and  density-functional  theory.  In 


Be  on  the  Ga  site,  which  is  an  acceptor.  In  thermodynamic  equilibrium,  incorporation  of  Be  interstitials  will 
therefore  result  in  severe  compensation.  To  investigate  the  kinetics  of  Be  interstitial  incorporation  and  outdif- 
fusion  we  have  explored  the  total-energy  surface.  The  diffusivity  of  Be  interstitials  is  highly  anisotropic,  with 
a  migration  barrier  in  planes  perpendicular  to  the  c  axis  of  1 .2  eV,  while  the  barrier  for  motion  along  the  c  axis 
is  2.9  eV.  We  have  also  studied  complex  formation  between  interstitial  donors  and  substitutional  acceptors,  and 
between  hydrogen  and  substitutional  beryllium.  The  results  for  wurtzite  GaN  are  compared  with  those  for  the 
zinc-blende  phase.  Consequences  for  p-type  doping  using  Be  acceptors  are  discussed. 
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L  mXRODUCTION 

Nitride  semiconductors  are  currently  being  used  in  a  wide 
variety  of  electronic  and  optoelectronic  devices.  Controllable 
doping  is  essential  for  all  of  these  devices.  For  n-type  doping 
of  nitrides,  a  number  of  elements  (e.g.,  Si)  can  be  success¬ 
fully  used  as  dopants,  and  carrier  concentrations  exceeding 
5X10^®  cm"'^  can  routinely  be  achieved.^  The  situation  is 
less  favorable  for  p-type  doping.  Magnesium  is  the  acceptor 
of  choice;  it  can  be  incorporated  in  concentrations  up  to 
about  10^®  cm"^^,  but  because  of  its  large  ionization  energy 
(210  meV,  Ref.  1)  the  resulting  room-temperature  hole  con¬ 
centration  is  only  about  10^^  cm""^,  i.e.,  only  about  1%  of 
Mg  atoms  are  ionized  at  room  temperature.  Increasing  the 
Mg  concentration  beyond  10^®  cm"”^  leads  to  a  saturation 
and  decrease  in  the  hole  concentration.^  In  previous  work, 
we  have  proposed  that  the  Mg  solubility  limit  is  the  main 
cause  of  this  behavior.^  The  limited  conductivity  of  p-type 
doped  layers  constitutes  an  impediment  for  progress  in  de¬ 
vice  applications. 

It  would  be  desirable  to  identify  an  alternative  acceptor 
that  would  exhibit  higher  solubility  and/or  lower  ionization 
energy.  Previous  computational  studies"^”^  have  addressed  a 
variety  of  candidate  acceptors,  including  Li,  Na,  K,  Be,  Zn, 
Ca,  and  Cd.  Only  Be  emerged  as  a  viable  acceptor,  exhibit¬ 
ing  higher  solubility  and  lower  ionization  energy  than  Mg. 
However,  it  also  emerged  that  self-compensation  may  occur 
due  to  incorporation  of  Be  on  interstitial  sites,  where  it  acts 
as  a  donor The  conclusions  of  the  previous  theoretical  work 
seem  promising  enough,  however,  to  warrant  a  more  com¬ 
prehensive  investigation,  which  is  the  subject  of  the  present 
paper. 

Experimentally,  Be  doping  of  GaN  in  MBE  (molecular 
beam  epitaxy)  has  been  reported  by  various  groups. 
These  experimental  studies  have  involved  both  wurtzite  and 
cubic  phases  of  GaN;  the  cubic  phase  can  be  obtained  by 
growth  on  cubic  substrates,  under  appropriately  tailored  con¬ 


ditions.  Another  technique  for  Be  incorporation  that  has  been 
attempted  is  ion  implantation.^^’^^  No  electrical  conductivity 
results  were  reported;  characterization  was  mostly  by  optical 
spectroscopy.  A  photoluminescence  (PL)  peak  just  below  the 
band  edge  of  GaN  was  found  and  attributed  to  Be.  Assuming 
that  this  PL  line  results  from  a  Be  substitutional  acceptor,  an 
acceptor  ionization  energy  can  be  extracted — but  Ms  has 
resulted  in  a  wide  range  of  values,  ranging  from  90  to  250 
meV,  depending  on  the  assumptions  made  in  the  analysis. 
Brandt  et  al  reported  that  using  oxygen  as  a  codopant  along 
with  Be  results  in  high  p-type  conductivity. Yamamoto 
and  Katayama-Yoshida^®  proposed  an  expanation  for  these 
codoping  results  in  terms  of  Beoa-ON-BeQa  complexes. 

The  purpose  of  the  present  study  is  to  investigate  the  be¬ 
havior  of  Be  in  GaN  in  detail,  with  particular  focus  on  the 
diffusion  properties  of  interstitial  Be.  Indeed,  a  thorough  un¬ 
derstanding  of  the  stability  and  diffusivity  of  interstitial  Be 
will  allow  us  to  assess  the  likelihood  that  interstitial  Be  will 
be  incorporated  during  growth — and  if  it  is,  whether  it  might 
be  removed  during  a  subsequent  annealing  procedure.  To 
address  this  issue,  we  have  mapped  out  the  total-energy  sur¬ 
face  for  an  interstitial  Be  atom  moving  through  the  GaN 
lattice;  this  enables  us  to  extract  the  barriers  for  Be  diffusion. 
In  addition,  we  have  studied  the  interaction  between  intersti¬ 
tial  Be  donors  (Be/„,)  and  substitutional  Be  acceptors 
(Be^a).  Coulomb  attraction  leads  to  formation  of  a  complex 
with  a  large  binding  energy  (1.35  eV).  Because  hydrogen  is 
known  to  play  an  important  role  in  p-type  doping  of 
GaN,^^“^^  we  have  also  investigated  its  interaction  with  Be 
acceptors,  leading  to  the  formation  of  Be-H  complexes  with 
a  binding  energy  of  1.81  eV. 

We  have  also  performed  additional  investigations  in  order 
to  make  contact  with  the  above-mentioned  experimental 
studies.  Because  the  experimental  studies  have  involved  both 
wurtzite  and  cubic  phases  of  GaN,  we  have  performed  most 
of  our  calculations  for  both  phases.  The  PL  results  prompted 
us  to  examine  the  optical  ionization  energy  of  the  Be  accep- 
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tor  in  detail,  and  we  found  a  large  Franck-Condon  shift  due 
to  an  unusual  atomic  relaxation  of  the  acceptor  in  its  neutral 
charge  state.  Because  of  the  interest  in  codoping  with  oxy¬ 
gen,  finally,  we  have  performed  comprehensive  calculations 
for  Beca-ON  and  Beca-ON-Becja  complexes. 

The  organization  of  this  paper  is  as  follows.  In  Sec.  II,  we 
discuss  the  computational  approach  and  methods.  Section  III 
lists  our  results  for  isolated  impurities,  and  Sec.  IV  contains 
results  for  complexes.  Section  V,  finally,  contains  a  discus¬ 
sion  and  comparison  with  existing  experiments.  Section  VI 
summarizes  the  paper  and  contains  suggestions  for  future 
experimental  work. 

IL  THEORETICAL  APPROACH 
A.  Pseudopotential  density-functional  theory 

We  use  the  density-functional  theory^"^  in  the  local  density 
approximation  (LDA)  and  ab  initio  norm-conserving 
pseudopotentials,  with  a  plane-wave  basis  set.^^  Since  the  Ga 
3d  electrons  play  an  important  role  for  the  chemical  bonding 
in  GaN,  they  cannot  simply  be  treated  as  core  electrons.  Ex¬ 
plicitly  taking  Ga  as  valence  electrons  is  one  way  to 
obtain  more  realistic  results,  as  discussed  in  detail  in  Ref.  26. 
However,  the  localized  nature  of  the  Ga  3d  states  signifi¬ 
cantly  increases  the  computational  demand,  requiring  an  en¬ 
ergy  cutoff  of  at  least  60  Ry.  We  have  therefore  used  the 
so-called  “nonlinear  core  correction,’ with  an  energy  cut¬ 
off  of  40  Ry.  We  have  tested  this  approximation  by  compar¬ 
ing  formation  energies  for  interstitial  Be  with  results  ob¬ 
tained  using  explicit  inclusion  of  Ga  3^/  electrons  as  valence 
electrons;  the  values  agree  to  within  0.1  eV. 

B.  Supercells 

The  wurtzite  (WZ)  structure  is  the  lowest-energy  structure 
of  GaN,  but  the  zinc-blende  (ZB)  structure  is  only  slightly 
higher  in  energy  (^10  meV  per  two-atom  unit;  Ref.  28)  and 
can  be  obtained  by  epitaxial  growth  on  a  zinc-blende  sub¬ 
strate.  We  have  therefore  performed  calculations  for  Be  in 
both  the  zinc-blende  and  the  wurtzite  structures.  As  we  will 
see,  results  for  substitutional  Be  are  very  similar  in  both 
phases,  but  the  properties  of  interstitial  Be  are  quite  different. 

All  impurity  calculations  are  carried  out  at  the  theoretical 
lattice  constant,  in  order  to  avoid  any  spurious  relaxations. 
For  wurtzite  GaN,  we  find  =  3.089  A  (compared  with 
a€^P^-3A9  A).  The  calculated  cla  ratio  is  1.633  (experi¬ 
ment  1.627),  very  close  to  the  ideal  da  ratio  of  V^.  For 
zinc-blende  GaN,  we  find  4.370  A  ,  which  is  (to  within 
0.001  A)  yjl  larger  than  the  wurtzite  lattice  constant. 

In  order  to  study  the  atomic  and  electronic  structure  of  an 
impurity  in  the  GaN  crystal,  we  construct  an  artificial  unit 
cell  (supercell)  composed  of  several  primitive  GaN  unit  cells 
and  containing  one  impurity.  The  larger  the  supercell  size, 
the  closer  our  results  will  be  to  the  case  of  a  single,  isolated 
impurity,  because  interactions  between  impurities  in  neigh¬ 
boring  supercells  are  suppressed.  The  computation  time, 
however,  increases  as  N^  XnN  where  N  is  the  number  of 
atoms  in  the  supercell.  It  is  therefore  imperative  to  choose 
the  smallest  possible  cell  size  that  produces  reliable  results 


FIG.  1.  Top  view  (along  [0001]  direction)  of  the  GaN  wurtzite 
structure:  small  circles  represent  nitrogen,  large  circles  gallium.  The 
shaded  area  corresponds  to  the  primitive  unit  cell.  The  translation 
vectors  for  the  primitive  unit  cell  and  for  the  32-,  72-,  and  96-atom 
supercells  are  also  shown. 

for  the  problem  under  investigation.  We  have  performed  cal¬ 
culations  for  several  different  supercell  sizes,  in  the  process 
checking  convergence. 

For  the  wurtzite  structure,  we  have  employed  32-,  72-, 
and  96-atom  supercells.  The  32-atom  supercell  is  composed 
of  eight  wurtzite  GaN  primitive  unit  cells  (each  containing 
four  atoms),  such  that  each  translation  vector  of  the  supercell 
is  doubled  from  that  of  the  basic  unit  cell.  If  we  choose  the 
lattice  translation  vectors  for  wurtzite  GaN  to  be  aj 
=  (a,0,0),  a2  =  (-~'a/2,^^a/2,0),  and  a3  =  (0,0,c)  (see  Fig. 
1),  the  translation  vectors  for  the  32-atom  supercell  are  de¬ 
fined  as  aP^^  =  2a/,  where  /=  1,2,3.  For  the  72-atom  super¬ 
cell,  the  translation  vectors  are  a|^^^  =  3ai,  a2^^^=3a2,  and 
a^^^^  =  2ai.  As  can  be  noted  from  Fig.  1,  both  32-  and  72- 
atom  supercells  suffer  from  the  problem  that  the  separation 
between  impurities  in  neighboring  supercells  (imagined  to  be 
located  at  the  center  of  the  supercell)  is  quite  different  when 
measured  along  different  directions.  We  have  therefore  con¬ 
sidered  a  96-atom  supercell  that  has  translation  vectors  that 
are  mutually  perpendicular,  leading  to  a  cell  with  orthorhom¬ 
bic  symmetry.  The  translation  vectors  of  this  96-atom  super¬ 
cell  are  a^j^^^  =  4ai  H-2a2,  a^^^^  =  3a2,  and  a^^^^=2a3. 

For  the  zinc-blende  structure,  we  have  used  32-  and  64- 
atom  supercells,  which  have  been  extensively  discussed  in 
the  context  of  point-defect  calculations  in  zinc-blende  semi¬ 
conductors.  The  32-atom  supercell  has  bcc  symmetry,  while 
the  64-atom  cell  is  cubic,  consisting  of  the  conventional 
eight-atom  cubic  unit  cell  of  the  zinc-blende  structure 
doubled  in  each  direction. 

Within  the  supercell,  we  allow  relaxation  of  several  shells 
of  host  atoms  around  the  impurity.  For  wurtzite,  24  host 
atoms  were  relaxed  in  the  32-atom  cells.  In  the  96-atom  cell, 
at  least  46  host  atoms  (plus  the  impurity)  were  allowed  to 
relax,  including  all  atoms  within  4.8  A  of  any  impurity.  For 
a  substitutional  impurity,  this  corresponds  to  seven  shells  of 
atoms.  In  the  zinc-blende  64-atom  cell,  the  same  relaxation 
radius  leads  to  at  least  44  atoms  being  relaxed  (five  shells). 

Results  of  our  convergence  tests  will  be  discussed  in  Sec. 
Ill  A.  The  tests  indicate  that,  for  zinc  blende,  32-atom  and 
64-atom  supercells  yield  very  similar  results,  indicating  con¬ 
vergence.  For  wurtzite,  the  absolute  values  of  formation  en¬ 
ergies  are  not  yet  converged  in  a  32-atom  cell.  The  96-atom 
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cell  results  are  expected  to  be  converged  (for  substitional 
impurities,  these  results  are  very  close  to  those  for  the  ZB 
64-atom  cells).  However,  32-atom  wurtzite  cell  calculations 
are  very  useful  to  obtain  energy  differences  between  differ¬ 
ent  positions  of  the  impurity  in  the  lattice;  we  found  these 
energy  differences  to  be  within  0.3  eV  of  those  calculated  in 
the  96-atom  cell.  Since  mapping  out  the  total-energy  surface 
describing  the  motion  of  interstitial  Be  through  the  lattice 
requires  a  large  number  of  calculations,  we  have  used  the 
32-atom  cell  for  that  purpose. 


C.  Special  k  points 

Brillouin-zone  integrations  were  carried  out  following  the 
Monkhorst-Pack  scheme^^  with  a  regularly  spaced  mesh  of 
nXnXn  points  in  the  reciprocal  unit  cell  shifted  from  the 
origin  (to  avoid  picking  up  the  T  point  as  one  of  the  sam¬ 
pling  points).  Symmetry  reduces  this  set  to  a  set  of  points  in 
the  irreducible  part  of  the  Brillouin  zone.  Convergence  tests 
indicate  that  for  zinc  blende  the  2X2X2  sampling  yields 
total  energies  that  are  converged  to  better  than  0.1  eV  in  both 
32-atom  and  64-atom  supercells.  For  the  32-atom  wurtzite 
supercell  with  ,  a  2X2X2  set  does  not  yield  fully 
converged  results;  energy  differences  are  obtained  reliably, 
however.  We  also  compared  the  total  energies  calculated  us¬ 
ing  1 X  1  X  1  and  2X2X2  sets.  The  former  leads  to  only  one 
irreducible  k  point  while  the  latter  leads  to  three  irreducible 
k  points.  Although  the  absolute  value  of  the  total  energy 
differs  significantly  between  the  two  calculations,  the  energy 
differences  between  different  Be,„^  locations  change  by  less 
than  0.1  eV.  The  calculations  required  to  explore  the  total- 
energy  surface  were  therefore  carried  out  using  only  one  spe¬ 
cial  k  point.  In  the  96-atom  wurtzite  cell,  finally,  the  2X2 
X  2  k-point  mesh  produces  fully  converged  results. 

D.  Charge  states 

Beryllium  substituting  on  the  Ga  site  in  GaN  is  a  single 
acceptor;  we  therefore  study  two  charge  states,  Be^^  and 
BeQ^.  In  the  case  of  a  shallow  acceptor  such  as  Beca  the 
level  introduced  in  the  Kohn-Sham  band  structure  due  to  the 
presence  of  the  impurity  is  merely  a  perturbation  of  the  host 
band  structure.  This  “acceptor  level”  therefore  exhibits  es¬ 
sentially  the  same  dispersion  as  the  uppermost  valence  band. 
In  the  negative  charge  state,  the  acceptor  level  is  filled — ^but 
in  the  neutral  charge  state,  one  electron  is  removed  from  this 
level.  For  a  true,  isolated  acceptor  (corresponding  to  a  calcu¬ 
lation  in  a  very  large  supercell),  the  electron  would  be  re¬ 
moved  from  the  top  of  the  valence  band,  at  the  F  point.  But 
in  our  finite-size  supercells  the  electron  is  actually  taken  out 
of  the  highest  occupied  Kohn-Sham  level  at  the  special  k 
points,  where  the  band  energy  is  lower  than  at  the  F  point.  A 
correction  is  therefore  needed,  obtained  from  the  energy  dif¬ 
ferences  between  the  highest  occupied  state  at  the  F  point 
and  the  special  k  points.  The  magnitude  of  this  correction 
ranges  from  —0.2  eV  in  the  96-atom  cell  to  —0.5  eV  in  the 
32-atom  cells.  This  correction  term,  which  we  call  ^^td 
which  has  been  defined  as  a  positive  number,  has  been  taken 
into  account  in  all  our  results  for  neutral  acceptors.^ 
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As  we  will  see  in  the  next  section,  the  formation  energy  of 
non-neutral  impurities  takes  into  account  that  electrons  are 
exchanged  with  the  Fermi  level.  The  Fermi  level  Efis  ref¬ 
erenced  to  the  valence-band  maximum  in  the  bulk,  i.e.,  Ef 
=  0  at  the  top  of  the  valence  band  {E^)  in  bulk  GaN.  We 
obtain  E^  by  calculating  the  position  of  the  valence-band 
maximum  in  GaN  with  respect  to  the  average  electrostatic 
potential.  We  need  to  bear  in  mind,  however,  that  the  aver¬ 
age  electrostatic  potential  in  our  defect  supercells  is  not  the 
same  as  that  in  bulk  GaN;  indeed,  our  first-principles  calcu- 
lations  for  periodi'cTslfucfures  (which  fill  all  space)  do  not 
provide  an  absolute  reference  for  the  electrostatic  potential, 
due  to  the  long-range  nature  of  the  Coulomb  potential.  An 
explicit  alignment  procedure  is  thus  needed  between  the 
electrostatic  potential  in  the  defect  supercell  and  the  electro¬ 
static  potential  in  the  bulk.  This  problem  is  similar  to  that  of 
calculating  heterojunction  band  offsets,  and  similar  tech¬ 
niques  can  be  used  to  address  these  issues.^^  Here  we  have 
chosen  to  align  the  electrostatic  potentials  by  inspecting  the 
potential  in  the  supercell  far  from  the  impurity  and  aligning 
it  with  the  electrostatic  potential  in  bulk  GaN.  This  leads  to  a 
shift  in  the  reference  level,  AV,  which  needs  to  be  added  to 
E^  in  order  to  obtain  the  correct  alignment.  The  resulting 
shifts  are  taken  into  account  in  our  expressions  for  formation 
energies  in  the  next  section. 

Interstitial  Be  atoms  in  GaN  are  double  donors.  In  this 
work  we  have  focused  on  the  +2  charge  state  (Be?„'J^),  but 
we  make  some  comments  about  other  charge  states  in  Sec. 

me  2. 

Finally,  we  have  also  studied  the  (Beoa-Be^^,)  complex; 
from  the  charge  states  of  the  interstitial  and  substitutional 
species,  it  can  be  inferred  that  this  complex  has  a  charge  state 
of  +1.  The  neutral  charge  state  is  discussed  in  Sec.  IV  A. 

£.  Formation  energies 

The  formation  energy  E^  determines  the  concentration  c 
of  the  impurity  in  the  semiconductor,  through  the  expression 

c=N,^cxp{-EflkT),  (1) 

where  Agites  is  the  number  of  sites  in  the  lattice  (per  unit 
volume)  where  the  impurity  can  be  incorporated,  k  is  Boltz¬ 
mann’s  constant,  and  T  is  the  temperature.  Equation  (1)  in 
principle  holds  only  in  thermodynamic  equilibrium.  Growth 
of  a  semiconductor  is  obviously  a  nonequilibrium  process; 
however,  many  growth  environments  involve  high  enough 
temperatures  to  ensure  reasonable  mobility  of  impurities  and 
defects  at  or  near  the  surface,  establishing  conditions  that 
approximate  equilibrium.  Furthermore,  even  in  nonequilib¬ 
rium  conditions  the  formation  energy  of  an  impurity  (or  de¬ 
fect)  is  a  useful  concept,  since  configurations  with  high  for¬ 
mation  energies  will  obviously  be  difficult  to  incorporate  (or 
will  attempt  to  evolve  to  a  lower-energy  state). 

The  formation  energies  of  Be?^'^,  BeQ^,  and 

(BeGa-Be/„^)''‘  are  defined  as 
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£/[Be?+]=£„,[Be2+]-£,„,[GaN.  bulk]  -  /.Be 

+  2[£f+£,  +  AV(Be, •„,)],  (2) 

""  ^(ot[®®Ga]  ~  bulk]  ~  /tBe'b  /^Ga 

-Ecorr^  (3) 

^■^[®®Ga]  “  ^ror[®®Ga]  ~  bulk]  —  /.Be'b  /^Ga 

-[£f+£„  +  Ay(BeG,)],  (4) 


£^^[(BeGa-Be,„,) +]=£,„,[(  Bena-Be,-,,,) + ] 


.  Jdien  Jifj=jWN(N2i 


-£,^^[GaN,  bulk]-2/iBe+MGa 

+  [£^+£,  +  Ay(BeGa-Be,„,)].  (5) 

Et0t\X\  is  the  total  energy  derived  from  a  supercell  calcula¬ 
tion  with  one  impurity  X  in  the  cell,  and  £,^,[GaN,  bulk]  is 
the  total  energy  for  the  equivalent  supercell  containing  only 
bulk  GaN.  /i^a  Mbc  chemical  potentials  of  Ga  and 
Be,  respectively.  Ep  is  the  Fermi  level,  referenced  to  the 
valence-band  maximum  in  the  bulk.  Due  to  the  choice  of  this 
reference,  we  need  to  explicitly  include  the  energy  of  the 
bulk  valence-band  maximum,  ,  in  our  expressions  for  for¬ 
mation  energies  of  charged  states.  As  discussed  in  Sec.  II D, 
we  also  need  to  add  a  correction  term  A  V  to  align  the  refer¬ 
ence  potential  in  our  defect  supercell  with  that  in  the  bulk. 
Finally,  the  correction  term  E^^^^  that  appears  in  the  forma¬ 
tion  energy  of  Be^a  was  discussed  in  Sec.  II D. 

The  chemical  potentials  depend  on  the  experimental 
growth  conditions,  which  can  be  either  Ga  rich  or  N  rich.  For 
the  Ga-rich  case,  we  use  /^Ga[buik]  to  place  an  upper 
limit  on  this  places  a  lower  limit  on  calculated 
from 

/x;5'"  =  E,JGaN]-AtGa,  (6) 

where  £,^,[GaN]  is  the  total  energy  of  a  two-atom  unit  of 
bulk  GaN,  calculated  for  the  structurally  optimized  wurtzite 
structure.  For  the  N-rich  case,  the  upper  limit  on  is  given 
by  Mn=A^N[N2}’  the  energy  of  N  in  a  N2  molecule  at 
r=0;  this  yields  a  lower  limit  on  /jlq^  calculated  from 

/^Sa"='BaGaN]-/.N.  (7) 

The  total  energy  of  GaN  can  also  be  expressed  as 

E^^^[GaN]  =  A4Ga[buik]‘h/^N[N2]’^  A//^GaN],  (8) 

where  A//y{GaN]  is  the  enthalpy  of  formation,  which  is 
negative  for  a  stable  compound.  Our  calculated  value  for 
A//y{GaN]  is  -0.48  eV  (expt.  -  1.17  eV;  Ref.  32).  By  com¬ 
bining  Eq.  (6)  or  Eq.  (7)  with  Eq.  (8),  we  observe  that  the 
host  chemical  potentials  vary  over  a  range  corresponding  to 
the  magnitude  of  the  enthalpy  of  formation  of  GaN. 

For  Be,  the  upper  bound  on  the  chemical  potential  arises 
from  the  solubility-limiting  phase,  which  is  Be3N2.  There  is 
no  lower  bound  on  ,  minus  infinity  corresponding  to  the 
total  absence  of  Be  from  the  growth  environment.  Equilib¬ 
rium  with  Be3N2  implies 


3A^Be+2//-N-3/XBelbuIk]  +  +  A//y[Be3N2],  (9) 

where  A//y^[Be3N2]  is  the  calculated  enthalpy  of  formation 
of  Be3N2,  which  is  —5.5  eV.^^  The  experimental  value  of 
A7/y[Be3N2]  is  -6.11  eV.^'^  Equation  (9)  allows  us  to  relate 
Mbc  to  assuming  equilibrium  with  Be3N2.  Combining 
this  information  with  the  expression  for  the  formation  energy 
of  BeGa  [Eq.  (3)],  we  find  that  the  lowest  formation  energy 
(and  hence  the  highest  concentration  of  BeGa,  the  solu¬ 
bility  limit)  will  occur  under  nitrogen-rich  conditions,  i.e., 
35 

Ultimately,  one  wants  to  calculate  concentrations  of  na¬ 
tive  defects  or  impurities.  For  that  purpose,  one  would 
choose  a  particular  set  of  atomic  chemical  potentials  (corre¬ 
sponding  to  the  growth  conditions),  and  substitute  the  forma¬ 
tion  energies  from  Eqs.  (2)-(5)  in  the  expression  for  concen¬ 
trations,  Eq.  (1).  This  still  leaves  the  Fermi  level  as  a  free 
parameter.  This  remaining  variable  is  fixed  by  imposing  the 
condition  of  charge  neutrality:  the  total  charge  resulting  from 
charged  defects  or  impurities,  along  with  the  charge  due  to 
any  free  carriers  in  valence  and  conduction  bands,  needs  to 
be  equal  to  zero.  This  leads  to  a  unique  position  for  the 
Fermi  level. 

It  turns  out  to  be  very  informative  to  explicitly  plot  the 
dependence  of  formation  energies  on  Fermi  levels:  this  im¬ 
mediately  provides  insight  into  the  electrical  activity  (donor 
or  acceptor  character),  and  shows  whether  certain  defects 
will  act  as  compensating  centers.  We  will  therefore  present 
our  results  in  this  format. 

F.  Thermal  and  optical  ionization  energies 

The  thermal  ionization  energy  of  the  BeGa  substitu¬ 
tional  acceptor  is  defined  as  the  transition  energy  between 
the  neutral  and  negative  charge  states  of  the  dopant  [some¬ 
times  the  notation  6(0/— )  is  also  used  for  this  quantity].  This 
transition  energy  is  defined  as  the  Fermi-level  position  where 
the  formation  energies  of  these  two  charge  states  are  equal, 
i.e., 

£:/[BeGj(£f=£^)=£^[BeSa].  (10) 

From  Eqs.  (3)  and  (4),  it  then  follows  that 

£^=£/[Beaj(£f=0)-£/[Be"j  (11) 

~Etot\.  B®Ga]  BCGa] 

+  A  V(BeGa).  (12) 

For  purposes  of  defining  the  thermal  ionization  energy,  it  is 
implied  that  for  each  charge  state  the  atomic  structure  is 
relaxed  to  its  equilibrium  configuration.  The  atomic  positions 
in  these  equilibrium  configurations  are  not  necessarily  the 
same  for  both  charge  states.  Indeed,  we  will  see  that  they  are 
quite  different  for  the  neutral  and  negative  charge  states  of 
BCGa- 

This  difference  leads  to  an  interesting  and  sizable  effect 
when  the  ionization  energy  of  the  dopant  is  determined  op¬ 
tically.  Assume  the  following  simplified  picture  of  a  photo¬ 
luminescence  experiment.  The  exciting  light  creates 
electron-hole  pairs.  The  holes  can  be  trapped  at  BeQa  centers, 
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FIG.  2.  Schematic  configuration  coordinate  diagram  illustrating 
the  difference  between  thermal  and  optical  ionization  energies.  The 
curve  for  Be^g  is  vertically  displaced  from  that  for  Bcq^  assuming 
the  presence  of  an  electron  in  the  conduction  band.  is  the 
Franck-Condon  shift,  i.e„  the  relaxation  energy  that  can  be  gained, 
in  the  negative  charge  state,  by  relaxing  from  configuration  qQ 
(equilibrium  configuration  for  the  neutral  charge  state)  to  configu¬ 
ration  (equilibrium  configuration  for  the  negative  charge  state). 

turning  them  into  .  Using  our  definition  of  the  thermal 
ionization  energy  ,  the  equilibrium  configuration  of  the 
BeQa+^  state  (where  e  is  an  electron  at  the  bottom  of  the 
conduction  band)  is  higher  than  the  equilibrium  con¬ 

figuration  of  BcQa ,  where  Eg  is  the  band  gap.  Electrons  in 
the  conduction  band  can  then  recombine  with  the  hole  on  the 
acceptor,  as  illustrated  in  Fig.  2.  This  leads  to  emission  of  a 
photon  with  energy  Epi.  During  this  emission  process,  the 
atomic  configuration  of  the  acceptor  remains  fixed — ^i.e.,  in 
the  final  state,  the  acceptor  is  in  the  negative  charge  state,  but 
with  a  structure  (configuration  coordinate  qo)  that  is  the 
same  as  that  for  the  neutral  charge  state.  The  difference  be¬ 
tween  the  energy  of  this  configuration  and  that  of  the  equi¬ 
librium  configuration  is  the  relaxation  energy  E^^i  (the 
Franck-Condon  shift).  From  Fig.  2  it  is  clear  that  Epi=Eg 
^E^-Erei-  If  the  optical  ionization  energy  E^^  is  defined 
as  the  energy  difference  between  the  band  gap  and  the  PL 
line,  we  find  that  +  •  This  simpli¬ 

fied  picture  ignores  excitonic  effects,  etc.,  but  it  does  show 
that  the  ionization  energy  extracted  firom  an  optical  measure¬ 
ment  should  be  larger  than  the  thermal  ionization  energy 
by  an  amount  E^ei .  If  the  atomic  configuration  in  the  two 
charge  states  is  significantly  different  (as  will  turn  out  to  be 
the  case  for  BeQa),  E^^/  can  be  sizable. 

m.  RESULTS  FOR  ISOLATED  IMPURITIES 

A.  The  substitutional  Be^a  acceptor  in  zinc-blende  and 
wurtzite  GaN 

The  formation  energies  as  a  function  of  E^r  are  shown  in 
Fig.  3  for  Ga-rich  and  N-rich  conditions.  As  discussed  in 
Sec.  II E,  N-rich  conditions  favor  the  incorporation  of  Be  on 
Ga  sites,  leading  to  the  largest  possible  Beoa  concentration 
(the  solubility  limit).  Moving  toward  Ga-rich  conditions  does 
not  alter  our  qualitative  conclusions;  numerical  results  for 
any  choice  of  the  chemical  potentials  can  always  be  ob- 


FIG.  3.  Calculated  defect  formation  energies  as  a  function  of 
Fermi  level  for  various  configurations  of  Be  impurities  in  wurtzite 
GaN,  under  (a)  Ga-rich  conditions  and  (b)  N-rich  conditions. 

tained,  of  course,  by  referring  to  the  expressions  for  forma¬ 
tion  energies  in  Eqs.  (2)-(5).  In  particular,  by  combining 
these  expressions  with  the  information  on  chemical  poten¬ 
tials  in  Eqs.  (8)  and  (9),  we  find  that  by  moving  from  N-rich 
to  Ga-rich  conditions  the  formation  energy  of  increases 
by  }|A//y{GaN]|,  while  the  formation  energy  of  Be^^^  de¬ 
creases  by  f  |A//^GaN]|.  Consequences  of  these  results  for 
optimizing  growth  conditions  will  be  discussed  in  Sec.  V. 

The  formation  energies  are  also  summarized  in  Table  I; 
the  numbers  given  there  assume  the  Fermi  level  is  located  at 
the  top  of  the  valence  band.  We  notice  that,  for  the  substitu- 

TABLE  I.  Calculated  formation  energies  for  Be  substitutional 
acceptors  (Bcoa),  Be  interstitial  donors  (Be^^r),  and  Beca-Be/^^ 
complexes  in  wurtzite  (WZ)  and  zinc-blende  (ZB)  GaN.  The  for¬ 
mation  energies  [see  Eqs.  (2)-(5)]  are  given  for  Ep=0,  i.e.,  Ep 
located  at  the  top  of  the  valence  band,  and  for  nitrogen-rich  condi¬ 
tions.  The  dependence  of  formation  energies  on  Fermi  level  is 
shown  in  Fig.  3. 


Formation  energies  (eV) 

WZ 

ZB 

Beca 

1.68 

1.67 

BeSa 

1.51 

1.47 

Be?„! 

0.04 

-0,57 

(Beoa-Be, 

0.37 

-0.01 
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TABLE  IL  Relaxations  around  Be  substitutional  acceptors 
(BeQa)  in  wurtzite  (WZ)  and  zincblende  (ZB)  GaN.  denotes 
the  displacement  of  the  Be  atom  from  its  nominal  lattice  site,  ex¬ 
pressed  as  a  percentage  of  the  bulk  Ga-N  bond  length,  and  Adj^ 
denote  the  percentage  of  change  in  the  Be-N  bond  length,  again 
expressed  referenced  to  the  bulk  Ga-N  bond  length.  For  wurtzite, 
the  symbol  !l  denotes  the  direction  parallel  to  the  c  axis  ([0001]);  the 
other  bond  directions  are  denoted  by  the  symbol  1,  For  zinc 
blende,  the  symmetry  around  the  impurity  is  lowered  to  C3y ,  with 
II  denoting  the  particular  [111]  direction  in  which  the  impurity  is 
displaced,  and _L  denoting  the  other  (111)  directions. 


WZ 

ZB 

BeL 

WZ 

ZB 

0.3% 

0% 

10,7% 

11.4% 

A^ii 

-4.6% 

-4.9% 

12.2% 

14.5% 

Adj_ 

-5.4% 

-4.9% 

-8.7% 

-9.3% 

tional  acceptor  BeQ^ ,  the  results  for  wurtzite  and  zinc-blende 
structures  are  remarkably  similar,  the  differences  being 
smaller  than  the  calculational  error  bars.  The  ionization  en¬ 
ergies,  as  defined  in  Eq.  (11),  are  0.17  eV  for  the  wurtzite 
structure  and  0.20  eV  for  zinc  blende. 

Table  II  summarizes  our  results  for  the  atomic  configura¬ 
tion  of  substitutional  Be  in  wurtzite  and  zinc-blende  GaN. 
The  atomic  configurations  of  Be^^  and  Bcq^  in  wurtzite  GaN 
are  also  schematically  illustrated  in  Fig.  4.  This  figure,  as 
well  as  all  subsequent  schematic  representations  of  atomic 
structures,  is  based  on  calculated  atomic  coordinates  ob¬ 
tained  from  a  96-atom  supercell  calculation.  The  substitu¬ 
tional  Be  atom  is  surrounded  by  four  N  neighbors.  A  con¬ 
traction  of  the  Be-N  bond  length  is  expected  since  the  atomic 
radius  of  Be  is  smaller  than  that  of  Ga:  the  covalent  radius  of 
Be  is  0.90  A,  while  that  of  Ga  is  1.26  Based  on  this 
difference,  and  using  a  bond  length  of  1.95  A  for  bulk  GaN, 


FIG.  4.  Schematic  representation  of  atomic  positions  in  the 
(1120)  plane  for  (a)  BeQ^  and  (b)  in  wurtzite  GaN.  Large 
circles  represent  Ga  atoms,  medium  circles  N  atoms,  and  the 
hatched  circle  represents  Be.  Dashed  circles  indicate  ideal  atomic 
positions,  dashed  lines  bonds  in  the  ideal  lattice.  The  numbers  de¬ 
note  the  percentage  of  change  in  the  bond  lengths,  referenced  to  the 
bulk  Ga-N  bond  length  (as  in  Table  II). 


we  would  expect  a  contraction  of  the  Be-N  bond  length  by 
18%  compared  to  the  Ga-N  bond  length.  This  is  indeed  ob¬ 
served  in  the  compound  Be3N2,  where  the  bond  lengths  are 
i.50“1.64  A,  16-23%  shorter  than  in  GaN.  Using  ionic 
radii^^  (0.27  A  for  Be^"^  and  0.47  A  for  Ga^"^),  we  would 
expect  a  contraction  of  about  10%.  The  actual  magnitude  of 
the  contraction  of  the  Be-N  bond  length  as  calculated  for  a 
Be^a  impurity  in  GaN  is  less  than  6%.  The  Be-N  bond  length 
is  thus  somewhat  longer  than  is  optimal  for  Be-N,  reflecting 
the  fact  that  the  energy  cost  associated  with  moving  the  sur- 
Tounding  N  atoms  (as  well  as  furthershehs  of  afbmi^i^^^ 
large.  As  discussed  in  Ref.  5,  this  makes  substitutional  Be  in 
GaN  less  energetically  favorably  than  could  be  hoped  based 
on  the  large  Be-N  bond  strength.  In  spite  of  this  unfavorable 
size  match,  it  was  observed  that  the  formation  energy  of 
BeQa  compares  favorably  with  that  of  other  substitutional 
acceptors.  These  observations  about  size  mismatch  do  show, 
however,  that  strategies  aimed  at  relieving  the  lattice  strain 
associated  with  incorporating  substitutional  Be  could  have  an 
important  impact. 

In  the  negative  charge  state,  the  Be  atom  is  located  essen¬ 
tially  on  the  substitutional  lattice  site.  In  the  neutral  charge 
state  the  situation  is  very  different.  Here  the  Be  atom  under¬ 
goes  a  sizable  relaxation  off  the  nominal  lattice  site,  by  more 
than  10%  of  the  bond  length.  We  also  note  that  the  d\\  bond 
length  becomes  very  large,  indicating  that  the  bond  with  one 
of  the  N  neighbors  is  significantly  weakened.  Simulta¬ 
neously,  the  bonds  with  the  other  three  N  neighbors  contract 
by  almost  10%. 

The  large  off-center  displacement  of  Bcq^  was  found  in 
calculations  for  supercells  of  different  sizes  and  shapes,  and 
occurs  in  both  the  wurtzite  and  the  zinc-blende  structures 
(see  Table  II).  In  the  wurtzite  structure,  the  configuration 
listed  in  Table  II  and  depicted  in  Fig.  4  involves  the  Be  atom 
moving  along  the  c  axis.  The  configuration  in  which  Be^^ 
moves  along  the  direction  of  one  of  the  other  Be-N  bonds  is 
very  close  in  energy  (within  0.03  eV),  with  very  similar  re¬ 
laxations  around  the  Be  atom.  This  tendency  of  Be  to  form 
stronger  bonds  with  three  of  its  nitrogen  neighbors  is  not 
unexpected.  Consider,  for  instance,  the  atomic  structure  of 
the  hexagonal  modification  of  Be3N2  [Ref.  39]:  some  of  the 
Be  atoms  are  surrounded  by  a  deformed  tetrahedron  of  N 
atoms,  while  others  are  surrounded  by  a  triangle  of  nitrogen 
atoms.  It  thus  seems  to  be  energetically  quite  acceptable  for 
Be  to  form  strong  bonds  with  only  three  of  its  four  N  neigh¬ 
bors.  This  tendency  will  also  emerge  when  we  inspect  bond¬ 
ing  configurations  for  interstitial  Be. 

Since  the  equilibrium  configuration  for  the  neutral  accep¬ 
tor  is  so  different  from  that  for  the  negative  charge  state,  we 
expect  the  relaxation  energy  (as  defined  in  Sec.  II F  and 
Fig.  2)  to  be  quite  sizable.  is  the  energy  difference,  for 
Be^a,  between  the  atomic  configuration  that  yields  the  mini¬ 
mum  energy  for  the  neutral  charge  state  (i.e.,  with  large  lat¬ 
tice  relaxation)  and  the  atomic  configuration  that  yields  the 
minimum  energy  for  the  negative  charge  state  (i.e.,  with  Be 
on  the  ideal  lattice  site);  this  yields  £;.^/=0.10  eV.  Following 
the  discussion  in  Sec.  II F,  we  thus  expect  the  ionization 
energy  of  the  acceptor  as  determined  optically  to  be  signifi- 
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cantly  higher  than  the  thermal  ionization  energy.  Conse¬ 
quences  of  this  result  for  experimental  observations  will  be 
discussed  in  Sec.  V  B. 

The  large  off-center  relaxation  of  the  Be  acceptor  (at  least 
in  the  neutral  charge  state)  is  reminiscent  of  the  large  lattice 
relaxations  experienced  by  donor  atoms  in  the  so-called  DX 
centers;"^  in  this  process,  the  shallow  donor  {d'^)  is  con¬ 
verted  into  a  deep  acceptor  {DX~).  A  similar  mechanism  for 
acceptors  would  involve  placing  the  acceptor  in  a  positive 
charge  state  (AY'*')  and  letting  it  undergo  a  large  lattice  re- 
laxation.  We  have  carefully  examined  whether  such  a 
mechanism  can  occur  for  Be,  but  have  found  no  evidence  for 
stability  of  a  BeQ^  configuration. 

We  have  examined  the  stability  of  by  displacing  the 
Be  atom  from  the  substitutional  site;  such  a  displacement 
would  be  the  first  step  in  a  process  where  the  Be  would  move 
away  from  the  substitutional  site,  forming  a  Be  interstitial 
and  leaving  a  Ga  vacancy  behind.  We  investigated  various 
configurations  in  which  a  Be  interstitial  was  placed  in  the 
vicinity  of  a  Ga  vacancy.  When  the  overall  system  was 
placed  in  a  negative  charge  state  (corresponding  to  the  Bcq^ 
reference  state),  the  system  immediately  relaxed  back,  with¬ 
out  any  barrier,  to  the  Bcq^  configuration.  For  other  charge 
states,  we  found  it  impossible  to  obtain  converged  calcula¬ 
tions  for  the  system  with  Be  moved  off  the  substitutional 
site,  indicating  the  instability  of  such  configurations.  Al¬ 
though  it  is  relatively  easy  to  form  Be  interstitials  (see  Sec. 
in  C),  the  energy  cost  to  create  a  Ga  vacancy  is  prohibitively 
high,  particularly  in  p-type  GaN;"^^  it  is  therefore  exceedingly 
unlikely  that  substitutional  Be  would  leave  the  Ga  site. 

B.  Interstitial  Be  (Be^^,)  in  zinc-blende  GaN 

The  formation  energy  of  the  interstitial  species  Bef^"^  in 
zinc-blende  GaN  is  listed  in  Table  I.  This  formation  energy 
is  negative.  One  should  keep  in  mind,  however,  that  the  for¬ 
mation  energy  depends  on  the  Fermi-level  position  [see  Eq. 
(2)];  the  value  given  in  Table  I  is  for  Ef=0,  i.e.,  Ef  posi¬ 
tioned  at  the  valence-band  maximum.  The  formation  energy 
increases  (and  becomes  positive)  when  the  Fermi  level  is 
higher  in  the  band  gap  (see  Fig.  3).  As  described  in  Sec.  11 E, 
the  final  Fermi-level  position  is  determined  by  charge  neu¬ 
trality,  and  this  position  will  always  correspond  to  positive 
formation  energies.  Table  I  shows  that  the  formation  energy 
is  higher  in  the  wurtzite  structure,  though  still  low  enough  to 
be  a  concern  for  compensation,  as  discussed  in  Sec.  IE  C  and 
Sec.  V. 

The  global  minimum  for  Bef^f  in  ZB  GaN  is  at  the  tetra¬ 
hedral  interstitial  site  surrounded  by  nitrogen  atoms  (T^). 
The  Be  atom  is  essentially  at  the  center  of  the  cage,  and  the 
relaxation  of  the  N  atoms  is  such  that  the  Be-N  distance  is 
approximately  1.73  A;  the  N  atoms  thus  move  toward  Be  by 
more  than  0.20  A.  Interstitial  diffusion  in  the  zinc-blende 
structure  proceeds  via  a  path  through  hexagonal  rings,  with 
an  intermediate  position  at  the  tetrahedral  interstitial  site  sur¬ 
rounded  by  Ga  atoms  (7^^).  The  energy  difference  between 
and  can  thus  serve  as  an  estimate  for  the  diffusion 


activation  energy;  this  value  is  equal  to  3.74  eV.  We  con¬ 
clude  that  interstitial  diffusion  of  Be  has  a  high  barrier  in 
zinc-blende  GaN. 

C.  Interstitial  Be  (Be,^f)  in  wurtzite  GaN 

The  formation  energy  of  the  interstitial  species  Be?^"^  is 
shown  in  Fig.  3  and  listed  in  Table  I.  Figure  3  indicates  that 
the  formation  energy  of  the  interstitial  donor  is  low  enough 
to  be  a  serious  concern  for  compensation.  We  already 
pointed  out  that  this  concern  is  even  more  severe  in  the  zinc- 
blende  structure,  where  the  formation  energy  of  the  intersti¬ 
tial  is  0.61  eV  lower. 

When  trying  to  grow  p-type  GaN  doped  with  Be  accep¬ 
tors,  one  should  thus  be  aware  of  potential  compensation  by 
Be  interstitials.  The  extent  to  which  interstitials  form  a  prob¬ 
lem,  as  well  as  the  extent  to  which  their  incorporation  can  be 
controlled,  depend  sensitively  on  their  diffusivity.  The  fact 
that  Be  interstitials  can  be  readily  incorporated  is  due  to  the 
small  atomic  size  of  the  Be  atom;  one  might  therefore  sus¬ 
pect  that  this  small  atom  could  also  diffuse  readily  through 
the  lattice. 

L  Total-energy  surfaces 

To  study  the  behavior  of  the  Be  interstitial  in  GaN,  we 
have  calculated  the  total  energy  of  Be/„,  at  various  locations 
in  GaN.  For  each  position  of  Be,  the  surrounding  host  atoms 
are  allowed  to  relax.  The  resulting  energy  values  as  a  func¬ 
tion  of  the  coordinates  of  the  Be  position,  Rgg,  define  the 
energy  surface:  E  =  E(R^q).  The  energy  surface  is  therefore 
a  function  of  three  spatial  dimensions.  In  order  to  obtain 
accurate  results,  a  large  data  base  of  energy  values  (for  a 
large  number  of  spatial  coordinates)  is  needed.  In  order  to 
render  the  computational  effort  tractable,  we  carried  out 
these  calculations  in  32-atom  wurtzite  cells  with  one  k  point. 
As  discussed  in  Sec.  E  C,  this  affects  energy  differences  be¬ 
tween  different  Be  sites  by  less  than  0.4  eV.  This  accuracy  is 
sufficient  not  to  affect  the  qualitative  shape  of  the  energy 
surface.  Local  minima  and  saddle  points  identified  in  this 
investigation  were  subsequently  also  calculated  using  the  96- 
atom  supercell. 

We  calculated  59  different  locations  in  the  irreducible 
portion  of  the  wurtzite  unit  cell.  These  locations  were  not 
equally  spaced  in  the  crystal,  because  we  chose  to  calculate 
more  points  near  the  important  locations  (the  local  minima 
and  saddle  points).  For  each  local  minimum,  we  also  allowed 
Be^„,  to  relax  to  ensure  that  the  actual  minimum  energy  and 
lattice  structure  were  obtained. 

In  order  to  analyze  and  visualize  the  total-energy  surface, 
we  want  to  make  optimal  use  of  symmetry  information."^^ 
Since  the  energy  surface  is  a  function  of  Rge,  it  possesses 
the  full  symmetry  of  the  crystal.  To  make  effective  use  of 
these  symmetries,  an  analytic  description  of  the  surface  is 
essential.  We  achieve  this  through  expansion  in  a  basis  set 
with  the  appropriate  symmetry  .  We  then  perform  a  fitting  of 
the  total-energy  results  to  this  set  of  basis  functions  using  a 
least-squares  method.  As  basis  functions,  we  use  symme¬ 
trized  plane  waves  that  reflect  the  full  symmetry  of  the 
wurtzite  crystal."^^  We  also  make  use  of  the  physical  fact  that 
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FIG.  5.  Schematic  representation  of  atomic  positions  in  the 
(1120)  plane  of  wurtzite  GaN.  The  large  circles  represent  Ga  at¬ 
oms,  medium  circles  N  atoms.  The  high-symmetry  interstitial  sites 
are  indicated:  O  is  the  octahedral  interstitial  site  and  T  the  tetrahe¬ 
dral  interstitial  site.  O'  indicates  the  position  of  the  global  mini¬ 
mum  for  Be?„'^ . 

the  Be  impurity  can  never  approach  any  host  atom  too 
closely  (exchange  processes,  which  would  carry  a  very  high 
energy  cost,  are  not  included  in  the  total-energy  surface).  To 
this  end,  we  add  some  ad  hoc  high-energy  values  near  the 
host  atoms  to  the  calculated  data  set.  This  addition  does  not 
affect  the  shape  of  the  energy  surface  in  the  relevant  regions 
away  from  the  atoms. 

Since  the  energy  surface  is  a  function  of  three  spatial 
dimensions,  it  is  difficult  to  present  the  results  in  a  single 
plot.  For  visualization  purposes,  we  need  to  show  a  cut  of  the 
energy  surface,  restricting  the  Be  coordinates  to  a  single 
plane.  Judicious  choice  of  such  planes  ensures  that  we  con¬ 
vey  all  the  essential  information,  i.e.,  stable  and  metastable 
sites  as  well  as  barriers  between  them.  For  the  system  con¬ 
sidered  here,  the  (1120)  plane  (see  Fig,  5)  and  the  (0001) 
plane  (perpendicular  to  the  c  axis)  are  the  relevant  planes. 
The  energy  surface  can  then  be  displayed  as  a  contour  plot  or 
as  a  perspective  plot  of  the  energy  (along  the  z  axis)  as  a 
function  of  coordinates  in  the  plane. 

In  the  wurtzite  structure,  there  are  two  distinct  types  of 
interstitial  open  space,  as  shown  in  Fig  5.  T  is  the  tetrahedral 
interstititial  site  (or  cage  site).  This  site  is  equidistant  from 
four  Ga  and  four  N  atoms.  O  is  the  octahedral  interstitial  site 
(or  tunnel  site).  This  site  is  in  the  “interstitial  channel” 
along  the  c  axis.  The  0  site  is  equidistant  from  six  Ga  and 
six  N  atoms.  Both  sites  are  obvious  candidates  for  local 
minima  (or,  more  generally,  extrema)  for  Be,„^ . 


2,  Bcint  near  the  O  site 

Placing  the  Be  interstitial  at  the  O  site  and  allowing  all 
atoms  to  relax  results  in  a  position  (which  we  call  the  O' 
site)  where  Be  optimizes  its  distance  to  its  N  neighbors.  This 
position  constitutes  the  global  minimum  in  the  total-energy 
surface  for  Be?^'^  in  GaN.  As  can  be  seen  in  Fig.  6(a),  the  Be 
atom  stays  along  the  axis  of  the  open  channel,  and  moves 
close  to  the  plane  of  the  N  atoms.  The  resulting  Be-N  dis¬ 


tance  (1.59  A)  is  close  to  the  optimum  Be-N  bond  length  as 
observed  in,  say,  Be3N2.  In  the  process,  the  N  atoms  move 
toward  Be  by  0.22  A. 

The  formation  energy  at  this  global  minimum  is  0.61  eV 
higher  than  for  Be  in  ZB  GaN  (see  Table  I).  One  might  think 
that  the  cause  for  the  higher  formation  energy  in  wurtzite  is 
the  smaller  size  of  the  interstitial  cage.  However,  the  fact  that 
for  Be/„,  at  the  O'  site  the  nitrogen  neighbors  actually  move 
toward  the  interstitial  indicates  that  available  volume  is  not 
an  issue.  The  Be  atom  clearly  likes  to  bind  to  the  N  atoms;  in 
—the  open  channel-of  Ae  WZ.  structure,  it  can  only  effectively 
form  bonds  with  three  N  atoms.  At  the  site  in  ZB,  on  the 
other  hand,  it  can  strongly  bind  to  four  N  neighbors.  We 
suggest  that  this  is  the  reason  for  the  lower  formation  energy 
in  zinc-blende  GaN.  We  also  find  that  the  bonding  between 
the  Be  and  N  atoms  exhibits  a  significant  covalent  compo¬ 
nent,  in  addition  to  the  ionic  component;  this  emerges  from 
an  inspection  of  the  charge  density  corresponding  to  various 
eigenstates  throughout  the  valence  band. 

For  this  global  minimum,  we  have  also  examined  other 
charge  states.  The  Be  interstitial  does  not  introduce  any 
Kohn-Sham  states  within  the  LDA  band  gap,  indicating  that 
it  behaves  as  a  shallow  donor.  We  can  calculate  the  forma¬ 
tion  energy  of  the  + 1  and  0  charge  states  by  placing  one  or 
two  electrons  in  the  lowest  unoccupied  level.  As  for  the  case 
of  shallow  acceptors,  the  formation  energies  need  to  be  cor¬ 
rected  with  a  term  E^orr  reflecting  the  energy  difference  be¬ 
tween  electrons  at  the  special  point  and  at  the  F  point,  as 
discussed  in  Sec.  II D.  In  addition,  these  formation  energies 
suffer  from  the  LDA  band  gap  error;  however,  if  we  focus  on 
energy  differences  between  charge  states,  as  appropriate  for 
the  calculation  of  ionization  energies,  then  the  results  do  not 
directly  depend  on  the  LDA  error  if  we  express  the  ioniza¬ 
tion  level  with  respect  to  the  conduction-band  minimum. 

Following  this  procedure,  we  find  the  -h/O  transition  to 
correspond  to  an  effective-mass  state,  while  the  level 

is  slightly  deeper,  namely,  0.09  eV  below  the  conduction 
band.  We  will  revisit  this  result  in  Sec.  V  B. 

Coming  back  to  Be?^'^  ,  the  features  of  the  energy  surface 
in  the  neighborhood  of  the  O'  site  can  be  obtained  from  Fig. 
7.  This  figure  includes  a  contour  plot  [Fig.  7(a)]  and  a  per¬ 
spective  plot  [Fig.  7(b)]  for  the  (1120)  plane  that  cuts 
through  the  hexagonal  channel.  We  discuss  these  plots  in 
more  detail  in  the  following  sections. 

3.  Be  Ini  at  the  T  site 

We  place  Be,„,  at  the  ideal  T  site  and  allow  the  host  atoms 
to  relax.  If  we  allow  Be^„,  to  relax  along  [0001],  we  find  that 
it  stays  almost  at  the  ideal  position  of  the  T  site;  we  therefore 
do  not  need  to  introduce  a  separate  notation  for  the 
minimum-energy  site,  as  we  did  in  the  case  of  the  O'  site. 
The  T  site  is  thus  a  local  minimum  for  displacements  parallel 
to  [0001].  However,  when  we  allow  displacements  perpen¬ 
dicular  to  [0001]  (and  move  Be  slightly  off  this  axis,  in  order 
to  break  the  symmetry),  we  find  that  the  T  site  is  a  local 
maximum  in  the  plane  perpendicular  to  [0001].  We  conclude 
that  T  is  actually  a  saddle  point.  A  contour  plot  and  a  per¬ 
spective  plot  for  the  ( 1 120)  plane  that  cuts  through  the  T  site 
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FIG.  6.  Schematic  representation  of  atomic  positions  in  the  (1120)  plane  for  at  various  interstitial  sites  in  wurtzite  GaN.  Large 
circles  represent  Ga  atoms,  medium  circles  N  atoms,  and  the  hatched  circle  represents  Be.  Dashed  circles  indicate  ideal  atomic  positions, 
dashed  lines  bonds  in  the  ideal  lattice.  Distances  between  Be  and  its  neighbors  are  given  in  A  and  changes  in  Ga-N  bond  lengths  are  given 
as  the  percentage  change  from  the  bulk  Ga-N  bond  lengths.  The  panels  correspond  to  a  Be  interstitial  in  the  following  configurations:  (a)  O ' 
site;  (b)  T  site;  (c)  A  site;  and  (d)  the  Beo^-Be^^,  complex. 


are  shown  in  Figs.  7(a)  and  7(b),  respectively.  The  corre¬ 
sponding  plots  for  the  (0001)  plane  that  cuts  through  the  T 
site  are  shown  in  Figs.  7(c)  and  7(d).  Figure  7(d)  clearly 
shows  that  T  is  a  local  maximum  in  the  (0001)  plane.  In  the 
(1120)  plane,  the  T  site  is  a  local  minimum  in  the  [0001] 
direction  and  a  local  maximum  in  the  [-1100]  direction. 

The  position  of  the  Be  atom  and  the  relaxations  of  the 
host  atoms  are  shown  in  Fig.  6(b).  Although  the  host  atoms 
undergo  quite  large  relaxations,  the  Be  atom  is  squeezed 
rather  tightly  between  the  Ga  and  N  atoms  along  the  c  axis, 
with  a  Be-Ga  distance  of  1.92  A  and  a  Be-N  distance  of  1.54 
A.  In  spite  of  this  tight  fit,  the  T  site  is  only  1.18  eV  higher 


in  energy  than  the  global  minimum  at  the  O '  site  (as  calcu¬ 
lated  in  the  96-atom  supercell;  in  the  32-atom  cell,  the  en¬ 
ergy  difference  is  0.90  eV).  The  energy  at  T  is  probably 
lowered  due  to  the  fact  that  the  Be  atom  can  now  bond  with 
four  N  neighbors;  but  the  size  constraints,  in  particular  the 
repulsion  with  the  Ga  atom  along  the  c  axis,  raise  the  energy. 

4,  BCint  at  the  A  site 

In  the  process  of  exploring  the  total-energy  surface  for 
Be/„, ,  we  discovered  an  additional  local  minimum.  Figures 
7(a)  and  7(b)  show  a  contour  plot  and  a  perspective  plot  for 
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FIG.  7.  (Color)  Calculated  total-energy  surfaces  for  Be  interstitials  in  GaN.  (a)  Contour  plot  and  (b)  perspective  plot  of  the  total-energy 
surface  for  in  a  ( 1120)  plane  through  the  host  atoms  (as  defined  in  Fig.  5).  In  the  contour  plot,  the  interval  is  0.5  eV  and  the  real-space 
dimensions  along  both  directions  are  in  A.  (c)  Contour  plot  and  (d)  perspective  plot  of  the  total -energy  surface  for  Be?^’^  in  a  (0001)  plane 
through  the  T  site.  This  (0001)  plane  thus  also  cuts  through  the  middle  of  Ga-N  bonds  along  the  c  axis.  In  the  contour  plot,  the  interval  is 
0.25  eV  and  the  real-space  dimensions  along  both  directions  are  in  A.  Dashed  circles  show  the  projections  of  the  atomic  positions  of  the  host 
atoms  and  dashed  lines  show  the  projections  of  Ga-N  bonds. 


the  ( 1 120)  plane  that  cuts  through  both  T  site  and  O  site.  We  atom  supercell;  in  the  32-atom  cell,  the  energy  difference  is 

notice  that  there  is  a  local  minimum  located  between  the  T  0.30  eV).  Again,  the  driving  force  seems  to  be  the  formation 

site  and  the  O'  site;  we  will  call  this  site  the  A  site.  The  of  Be-N  bonds;  two  of  the  N  atoms  move  toward  Be  by 

atomic  positions  for  Be,„,  at  the  A  site  are  shown  in  Fig.  6(c).  0.19A,  while  a  third  moves  by  0.08  A.  This  results  in  three 

This  local  minimum  has  a  formation  energy  only  0.70  eV  Be-N  bonds  with  bond  lengths  of  1.60  A.  Simultaneously,  a 
higher  than  the  global  minimum  (as  calculated  in  the  96-  Ga  atom  that  would  prevent  Be  from  approaching  N  moves 
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FIG.  8.  Total  energy  of  at  positions  along  the  center  of  the 
open  channel  in  WZ  GaN,  measured  from  the  O  site,  and  referenced 
to  the  energy  at  the  global  minimum  (O')-  Solid  circles:  the  results 
from  1 X 1 X 1  A:-mesh  calculations;  open  circles:  2X2X2  k-mesh 
calculations;  solid  line:  interpolation  curve. 


away,  undergoing  a  displacement  of  almost  20%  of  the  Ga-N 
bond  length.  Still,  the  resulting  Be-Ga  distance  of  2.02  A  is 
probably  the  determining  factor  limiting  the  stability  of  this 
site. 

5.  Diffusion  path  for  Be^nt 

The  total-energy  surfaces  allow  us  to  study  the  diffusion 
path  of  the  Be  interstitial  along  different  directions.  We  fo¬ 
cused  on  the  +2  charge  state,  which  is  the  relevant  charge 
state  for  Be/„,  at  its  global  minimum  (see  Sec.  IE  C  2).  In¬ 
spection  of  the  electronic  structure  for  various  positions  of 
Be  along  its  migration  path  indicates  that  there  is  no  ten¬ 
dency  for  localized  electronic  levels  to  move  into  the  band 
gap,  and  hence  no  possibility  for  charge-state  changes  to 
occur. 

To  study  the  diffusion  path  along  the  [0001]  direction,  we 
first  calculated  the  formation  energies  for  Be^^^  at  several 
positions  along  a  [0001]  direction  through  an  O  site  (i.e., 
along  the  center  of  the  open  channel).  The  results  are  shown 
in  Fig.  8.  This  diffusion  path  yields  a  diffusion  barrier  of  3.1 
eV  (in  the  32-atom  cell,  very  close  to  the  3.0  eV  obtained  in 
a  96-atom  cell).  Inspection  of  the  full  total-energy  surface,  as 
shown  in  Fig.  7,  indicates  that  the  lowest-energy  path  does 
not  run  exactly  along  the  center  of  the  channel.  The  dashed 
line  shows  the  diffusion  path  along  the  center  of  the  channel, 
while  the  dotted  line  shows  the  actual  path;  the  barrier  along 
the  latter  path  is  only  slightly  lower,  at  2.90  eV. 

For  diffusion  in  a  direction  perpendicular  to  the  c  axis,  the 
interstitial  travels  between  O '  sites  in  adjacent  channels  via  a 
path  that  has  a  saddle  point  at  the  T  site.  The  diffusion  barrier 
is  thus  equal  to  the  energy  difference  between  the  T and  O' 
sites,  which  is  1.18  eV  (in  the  96-atom  cell;  0.90  eV  in  the 
32-atom  cell). 


We  thus  find  a  very  large  difference  in  barrier  heights  for 
diffusion  parallel  to  [0001]  vs  perpendicular  to  [(XX)!].  A 
rough  estimate  of  the  temperature  at  which  the  interstitials 
would  be  mobile  can  be  obtained  by  taking  the  usual  defini¬ 
tion  of  an  activation  temperature,  i.e.,  the  temperature  at 
which  the  jump  rate  is  one  per  second,  and  assuming  a  pre¬ 
factor  of  10^^  s“^  i.e.,  a  typical  phonon  frequency.  With  a 
1.18  eV  barrier,  the  Be  interstitial  should  be  mobile  in  direc¬ 
tions  perpendicular  to  the  c  axis  at  temperatures  of  about 
180  °C.  Diffusion  along  the  c  axis,  on  the  other  hand,  with  a 
barrier  of  2.90  eV,  would  require  temperatures  of  about 
850  °C. 

The  large  anisotropy  of  the  diffusion  barriers  can  be  at¬ 
tributed  to  the  features  of  Be  bonding  with  the  host  atoms 
that  we  described  above:  prefers  to  be  close  to  at  least 

three  N  atoms,  with  a  bond  length  comparable  to  that  in 
Be3N2.  At  the  same  time,  Be?^'^  tries  to  stay  as  far  away  as 
possible  from  the  Ga  atoms,  with  which  it  has  a  repulsive 
interaction.  As  can  be  seen  from  Fig.  8,  the  saddle  point  for 
migration  along  [0001]  occurs  close  to  the  plane  of  the  Ga 
atoms.  These  atoms  form  part  of  a  hexagonal  ring  in  the 
“chair”  configuration;  in  this  configuration,  the  center  of  the 
triangle  formed  by  the  three  N  atoms  is  displaced  from  the 
center  of  the  triangle  formed  by  the  Ga  atoms  by  '-'0.6  A 
along  the  c  axis.  Because  of  the  Be-Ga  repulsion,  squeezing 
through  the  triangle  of  Ga  atoms  carries  a  large  energy  cost. 
Simultaneously,  the  Be  atom  is  far  away  from  the  N  atoms 
with  which  it  prefers  to  bond.  These  features  conspire  to 
create  a  large  barrier  for  Be  motion  along  the  c  axis. 

For  motion  perpendicular  to  the  c  axis,  the  Be  atom  also 
has  to  squeeze  through  hexagonal  rings,  but  this  time  these 
rings  have  the  “boat”  configuration.  In  this  configuration, 
the  center  of  the  triangle  formed  by  the  N  atoms  coincides 
with  the  center  of  the  triangle  formed  by  the  Ga  atoms.  This 
configuration  thus  allows  the  Be  to  stay  more  closely  bonded 
to  the  N  atoms,  even  while  squeezing  through  the  triangle  of 
Ga  atoms,  resulting  in  a  lower  barrier. 

rV.  RESULTS  FOR  COMPLEXES 

A.  Complexes  between  interstitial  Be  and  substitutional  Be 
(Be/nf-BeQa)  in  wurtzite  GaN 

Since  interstitial  Be  is  a  donor  (Bef^"^),  we  expect  it  will 
bind  with  substitutional  Be,  which  is  an  acceptor  (Be^a).  We 
explored  various  possible  atomic  configurations  for  the  com¬ 
plex;  the  final  stable  geometry  is  illustrated  in  Fig.  6(d).  We 
notice  a  similarity  with  the  A  site  configuration  of  the  Be 
interstitial,  ilustrated  in  Fig.  6(c).  Indeed,  although  this  meta¬ 
stable  site  for  Bef^"^  was  somewhat  higher  in  energy  than  the 
O'  site,  the  Be  interstitial  is  quite  close  to  a  substitutional  Ga 
site  in  this  A  site  configuration.  This  offers  the  possibility  for 
forming  a  strong  bond  to  a  Bcoa  substituting  on  this  site. 

The  relaxation  can  be  described  as  follows.  Be,„,  moves 
toward  Beoa  while  Bcq^  moves  away  slightly  in  the  opposite 
direction.  The  two  Be  atoms  form  a  bond  with  a  bond  length 
of  1.94  A.  An  alternative  way  of  looking  at  this  configuration 
is  as  a  split  interstitial,  with  the  two  Be  atoms  sharing  the 
substitutional  Ga  site;  the  center  of  the  Be-Be  bond  is  dis¬ 
placed  0.46  A  from  the  ideal  Ga  position.  Both  Be  atoms 
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TABLE  III.  Calculated  binding  energies  [Eq.  (13)]  and  lat¬ 
tice  relaxations  for  various  Be-H  complexes  in  wurtzite  (WZ)  and 
zinc-blende  (ZB)  GaN.  AB  stands  for  antibonding,  BC  for  bond- 
center  sites.  For  wurtzite,  the  symbol  il  denotes  configurations  with 
the  H-N  bond  parallel  to  the  c  axis  ([0001]);  the  other  bond  direc¬ 
tions  are  denoted  by  the  symbol  1.  denotes  the  displace¬ 

ment  of  the  Be(N)  atom  from  its  nominal  lattice  site,  expressed  as  a 
percentage  of  the  bond  length.  denotes  the  N-H  distance. 


Configuration 

£*  (eV) 

A^n 

^N-H  (A) 

WZ,  RC|t 

L81 

-^5.3% 

10  8% 

1  028 

WZ,  BC^ 

1.68 

31.3% 

10.6% 

1.027 

WZ,  ABj^ 

0.95 

21.2% 

12.8% 

1.031 

WZ,  AB„ 

0.69 

23.3% 

11.3% 

1.030 

ZB,  BC 

1.64 

30.4% 

13.1% 

1.026 

ZB,  AB 

0.90 

21.8% 

13.9% 

1.032 

actually  succeed  in  forming  strong  bonds  with  N  atoms:  the 
Be  atom  closest  to  the  substitutional  site  binds  with  two  N 
atoms,  one  at  1.54  A,  the  other  at  1.61  A,  while  the  Be  closer 
to  the  interstitial  site  binds  with  one  N  at  1.65  A  and  two  N 
[out  of  the  plane  in  Fig.  6(d)]  at  1.61  A.  The  Be-Be  bond  lies 
in  the  (1120)  plane  at  an  angle  of  27°  from  the  c  axis. 

The  formation  energy  of  this  complex  at  Ef=0,  calcu¬ 
lated  using  Eq.  (5),  is  0.37  eV  for  N-rich  conditions  (see 
Table  I).  The  binding  energy  between  Bef^"^  and  Bcq^  is  thus 
calculated  to  be  1.35  eV.  The  formation  energy  of  the  com¬ 
plex  as  a  function  of  is  also  included  in  Fig.  3. 

We  have  also  investigated  the  neutral  charge  state  of  this 
complex.  No  Kohn-Sham  states  were  introduced  within  the 
LDA  band  gap,  indicating  a  shallow  donor.  We  followed  the 
same  procedure  as  for  Be/„f  (see  Sec.  Ill  C  2)  to  derive  the 
donor  ionization  energy,  resulting  in  a  level  about  0.02  eV 
below  the  conduction-band  minimum. 

If  Be^„^-BeGa  are  incorporated  in  bulk  GaN,  one  may  won¬ 
der  whether  it  is  possible  to  subsequently  dissociate  them. 
An  estimate  for  the  dissociation  energy  can  be  obtained  by 
adding  the  activation  energy  for  interstitial  diffusion  to  the 
binding  energy  of  the  complex.  We  are  allowed  to  use  the 
lower  of  the  calculated  interstitial  diffusion  barriers,  since  for 


FIG.  9.  Schematic  illustration  of  the  atomic  structure  of  the 
Be-H  complex.  The  H  atom  is  located  in  a  bond-center  site  along 
the  c  axis.  The  Be^a  is  relaxed  outward  by  a  very  large  amount, 
moving  it  into  the  plane  of  its  three  N  neighbors. 


TABLE  IV.  Calculated  formation  energies  for  complexes  be¬ 
tween  Be  substitutional  acceptors  (Beo^)  and  oxygen  substitutional 
donors  (O^)  in  wurtzite  (WZ)  and  zinc-blende  (ZB)  GaN. 
Nitrogen-rich  conditions  are  assumed,  as  well  as  equilibrium  with 
Be3N2  and  BeO.  The  formation  energies  are  given  for  E^=0,  i.e., 
Ef  located  at  the  top  of  the  valence  band. 


Formation  energies  (eV) 


WZ  ZB 


(On)-"  0.24  0.22 

(Beoa-Of^ - —0-59 - 0^ 

(Beca-ON-Bec,)-  1.97  1.93 

(BeG3-ON-BeG3)0  1.83  1.78 


purposes  of  breaking  the  complex  the  Be  interstitial  would 
presumably  choose  to  move  in  the  direction  that  offers  the 
lowest  dissociation  barrier.  This  yields  a  dissociation  energy 
of  1.354-1.18=2.53  eV.  We  will  discuss  in  Sec.  V  what 
choice  of  annealing  temperatures  would  result  in  dissociation 
of  these  complexes. 

B.  Beryllium-hydrogen  complexes 

Hydrogen  is  known  to  passivate  dopant  impurities  in 
semiconductors,  and  hydrogen  passivation  of  Mg  acceptors 
in  GaN  has  been  well  documented.^*  In  the  case  of  Mg, 
the  (electrically  neutral)  Mg-H  complex  was  found  to  have  a 
binding  energy  of  0.7  eV,  with  the  H  atom  located  in  an 
antibonding  (AB)  site  behind  a  N  neighbor  of  the  acceptor.^^ 

We  have  carried  out  comprehensive  calculations  of  the 
Be-H  complex,  the  results  of  which  are  summarized  in  Table 
III.  The  binding  energy  of  the  complex  is  defined  with  re¬ 
spect  to  an  isolated  Be  acceptor  in  the  negative  charge  state, 
and  an  isolated  interstitial  H  atom  in  the  positive  charge  state 
(its  lowest-energy  state  in  p-typc  GaN)  far  away  from  the  Be 
acceptor: 

£:i,(Be-H)=  -£^[Be-H‘’]  +  £^[BeGa]+£^[H+],  (13) 

where  the  signs  have  been  chosen  such  that  a  positive  bind¬ 
ing  energy  corresponds  to  a  stable  complex. 

In  the  wurtzite  structure,  the  BC||  configuration,  in  which 
the  H  atom  is  located  in  the  bond-center  (BC)  site  between 
the  Be  acceptor  and  its  N  neighbor  along  the  c  axis,  is  most 
favorable  (highest  binding  energy).  This  configuration  is  il¬ 
lustrated  in  Fig.  9.  The  other  possible  BC  configuration, 
BCx  ,  in  which  the  Be-H-N  bond  is  pointing  along  a  direc¬ 
tion  other  than  [ODOl],  is  only  0.1  eV  higher  in  energy.  Note 
that  the  AB  configurations  are  significantly  higher  in  energy 
than  the  BC  structures  (by  more  than  0.8  eV).  This  result  is 
markedly  different  from  the  case  of  Mg-H,  where  the  AB 
configuration  was  the  more  favorable  one.  Our  calculated 
binding  energy  for  the  global  minimum  of  the  Be-H  complex 
is  in  good  agreement  with  that  reported  by  Bernardini  et  al^ 

We  also  draw  attention  to  the  extremely  large  atomic  re¬ 
laxations  in  this  complex:  the  N  atom  moves  outward  by 
about  10%  of  the  Ga-N  bond  length,  and  the  Be  by  as  much 
as  35%.  Such  large  relaxations  were  actually  also  calculated 
for  the  Mg-H  complex. 
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FIG.  10.  Calculated  defect  formation  energies  as  a  function  of 
Fermi  level  for  complexes  between  oxygen  and  beiyllium  in  zinc- 
blende  GaN,  under  N-rich  conditions. 

For  all  the  complexes  listed  in  Table  HI,  the  N-H  distance 
is  approximately  1.03  A.  Also  note  that  the  behavior  of  the 
complexes  in  the  zinc-blende  phase  is  qualitatively  very 
similar  to  that  in  the  wurtzite  phase:  The  BC  configuration  is 
significantly  more  stable  than  the  AB  configuration,  and  the 
atomic  relaxations  (particularly  of  the  Be  impurity)  are  very 
large. 

Experimental  identification  of  acceptor-hydrogen  com¬ 
plexes  often  relies  on  vibrational  spectroscopy.  We  have 
therefore  also  calculated  the  vibrational  modes  of  the  Be-H 
complex,  for  the  most  favorable  geometry  of  the  complex 
(i.e,,  BC||).  In  the  harmonic  approximation  we  find  a  stretch 
mode  at  3460  cm“■^  and  a  wag  mode  at  570  cm“^  As 
expected,  the  stretch  mode  is  representative  of  a  N-H  bond, 
which  dominates  the  bonding  in  this  complex,  while  the  wag 
modes  are  low  in  frequency  because  the  potential  energy 
surface  perpendicular  to  the  bond  is  quite  shallow  for  the  BC 
configuration."^^  More  details  about  the  vibrational  mode  cal¬ 
culation  will  be  published  elsewhere."^^ 

C.  Beryllium-oxygen  and  Be-O-Be  complexes 

Complex  formation  between  and  oxygen  has  been 
suggested  as  an  explanation  for  the  high  hole  conductivities 
observed  in  codoping  experiments.^®"^®  We  have  carried  out 
calculations  for  a  variety  of  complexes  between  oxygen  and 
one  or  two  Be  atoms.  The  results  are  sununarized  in  Table 
IV  and  Fig.  10.  In  Fig.  10  we  focus  on  zinc  blende,  which  is 
the  phase  for  which  experimental  results  were  reported;^® 
however,  we  notice  from  Table  IV  that  the  results  for  wurtz¬ 
ite  are  very  similar.  The  choice  of  chemical  potentials  was  as 
follows.  We  chose  N-rich  conditions,  to  allow  easy  compari¬ 
son  with  results  presented  elsewhere  in  this  paper.  For  Be, 
we  again  assumed  its  chemical  potential  to  be  limited  by 
equilibrium  with  Be3N2.  For  oxygen,  finally,  we  assumed 
equilibrium  with  BeO  (for  which  we  used  the  experimental 
heat  of  formation  —6.3  eV;  Ref.  37).  These  specific  choices 
are  not  critical  for  the  qualitative  conclusions  that  we  will 
derive.  Note,  however,  that  if  we  did  not  include  equilibrium 
with  BeO  the  formation  energies  of  any  of  the  oxygen- 
containing  complexes  would  be  much  lower;  indeed,  the 
high  binding  energy  of  the  Be-O  bond  favors  formation  of 
such  complexes. 


First  we  examine  the  (BcQa-ON)®  complex,  which  is  neu¬ 
tral  because  the  donor  passivates  the  Be^g  acceptor.  The 
binding  energy  of  the  complex  is  defined  with  respect  to  an 
isolated  Be  acceptor  in  the  negative  charge  state,  and  an 
isolated  O  donor  in  the  positive  charge  state  far  away  from 
the  Be  acceptor: 

£,(BeGa-ON)  =  -  £^[BeGa-ON] +£^[Be5J + ], 

(14) 

where  the-signs-faave  been  chosen  such  that  a  positive  bind- 
ing  energy  corresponds  to  a  stable  complex.  From  the  calcu¬ 
lated  formation  energies,  we  obtain  a  binding  energy  for 
(Beca-ON)  of  1.33  eV  in  WZ  and  1.23  eV  in  ZB.  This  is 
quite  a  large  value,  and  indicates  that  these  complexes  are 
likely  to  form. 

Interestingly,  in  this  Be-0  complex  the  Be  and  O  atoms 
move  away  from  their  substitutional  lattice  sites,  in  opposite 
directions.  Be  moves  by  a  distance  equal  to  22%  of  the  Ga-N 
bond  length,  and  oxygen  moves  by  12%  of  the  bond  length. 
The  final  distance  between  the  Be  and  O  atoms  is  such  that 
only  a  very  weak  bond  is  present  between  the  impurities.  We 
propose  the  following  tentative  explanation  for  the  observed 
tendency  for  Be  and  O  to  move  away  from  one  another.  The 
natural  Be-0  bond  length  is  very  short;  for  instance,  the  bond 
distance  in  BeO  distance  is  1.65  A."^  In  order  to  maintain 
this  preferred  Be-O  distance  for  Be  and  O  nearest  neighbors 
in  GaN,  a  large  displacement  of  Be  away  from  its  N  neigh¬ 
bors  (and/or  of  O  away  from  its  Ga  neighbors)  would  be 
required,  in  turn  leading  to  significant  relaxations  of  those  N 
and  Ga  atoms.  Such  large  relaxations  are  energetically 
costly.  Our  result  indicates  that  it  is  actually  preferable  for 
Be  and  O  to  both  optimize  their  bond  lengths  to  their  sur¬ 
rounding  N  and  Ga  neighbors,  and  essentially  “give  up”  on 
forming  a  Be-0  bond.  Indeed,  both  Be  and  O  seem  to  be 
comfortable  when  bonded  to  only  three  neighbors  in  GaN; 
for  Be,  this  tendency  has  been  discussed  above  in  Sec.  IH  A; 
for  O  it  has  been  observed  in  the  context  of  DX-center 
formation."*^ 

Turning  now  to  (Beoa-ON-Beoa)  complexes,  we  note  from 
Table  IV  and  Fig.  10  that  these  have  formation  energies  that 
are  slightly  higher  than  those  of  isolated  BeQa  acceptors.  We 
therefore  do  not  expect  a  higher  solubility  of  Be  based  upon 
formation  of  such  complexes.  Our  calculated  ionization  en¬ 
ergy  of  the  Be-O-Be  complex  is  0,14  eV  in  WZ  and  0.15  eV 
in  ZB;  within  our  error  bars,  this  is  comparable  to  that  of  the 
isolated  substitutional  Be.  As  to  the  structure  of  the 
(Beoa-ON-Beoa)  complex,  we  again  find  that  one  Be-0  bond 
is  effectively  broken.  In  the  WZ  structure,  the  configuration 
with  no  Be-O  bonds  along  the  c  axis  was  found  to  be  fa¬ 
vored.  It  is  informative  to  calculate  the  binding  energy  for 
the  process  whereby  an  additional  Bcq^  is  attached  to  a 
(Beoa-Oisr)  complex,  resulting  in  a  (Beoa-ON-BeGa)”  com¬ 
plex.  Using  the  tabulated  formation  energies  we  find  a  bind¬ 
ing  energy  of  0.30  eV  in  WZ  and  0.40  eV  in  ZB.  This  bind¬ 
ing  energy  is  significantly  smaller  than  the  binding  energy 
found  above  for  the  Be-0  complex.  This  indicates  that  once 
a  Be-O  complex  is  formed  the  driving  force  for  attaching  a 
second  Be  atom  is  quite  small. 
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V.  DISCUSSION 
A.  Incorporation  of  Be  in  GaN 

Our  calculated  formation  energy  for  Beoa  in  GaN  is 
slightly  lower  than  that  of  Mgoa,  which  is  the  most  widely 
used  acceptor.^’^^  Comparing  our  results  for  formation  ener¬ 
gies  (which  determine  solubilities)  with  previous  calcula¬ 
tions  by  Bernardini  et  aif"  we  find  reasonable  agreement  for 
the  formation  energy  of  the  substitutional  acceptor  (allowing 
for  differences  relating  to  the  choice  of  atomic  chemical  po- 
"tentials,  etc.).  The  formation  energies  obtained  in  -Ref.  6  for 
interstitial  Be  are  significantly  larger  than  those  found  in  the 
present  work  (by  more  than  2.0  eV).  We  are  unable  to  pro¬ 
vide  an  explanation  for  this  discrepancy. 

In  Sec.  ni  A  we  pointed  out  that  by  moving  from  N-rich 
to  Ga-rich  conditions  the  formation  energy  of  Be^a  increases; 
indeed,  we  chose  to  list  results  for  N-rich  conditions  pre¬ 
cisely  because  that  leads  to  the  highest  possible  solubility  for 
Beca-  It  turns  out  that  moving  toward  Ga-rich  conditions 
also  decreases  the  formation  energy  of  Be^*;,,  (because  we  are 
assuming  equilibrium  with  Be3N2).  Optimizing  Be  incorpo¬ 
ration  (and  suppressing  Be  interstitial  formation)  would  thus 
require  N-rich  conditions.  Unfortunately,  growing  high- 
quality  GaN  usually  requires  Ga-rich  growth  conditions,"^ 
which  are  less  favorable  for  Be  incorporation. 

The  large  binding  energies  found  for  Be-H  complexes 
(see  Table  III)  are  in  agreement  with  the  results  of  Ref.  6.  If 
H  is  incorporated  during  growth,  Be-H  complexes  are  sure  to 
form.  Incorporation  of  H  may  happen  unintentionally,  such 
as  during  MOCVD  (metal-organic  chemical  vapor  deposi¬ 
tion)  growth  or  when  NH3  is  used  as  a  source  gas  in  MBE. 
Intentional  exposure  to  hydrogen  may  also  be  obtained  by 
introducing  atomic  hydrogen  in  the  chamber  during  growth. 
The  large  binding  energy  of  the  Be-H  complex  results  in  a 
low  formation  energy,  which  would  promote  incorporation 
of  Be  and  effectively  increase  the  solubility.  We  previously 
discussed  this  mechanism  in  the  case  of  Mg  doping.^^ 

As  in  the  case  of  Mg  doping,  the  resulting  acceptor- 
hydrogen  complexes  need  to  be  broken  and  the  hydrogen 
removed  from  the  vicinity  of  the  acceptors  before  electrical 
activation  of  the  p-type  layer  can  be  achieved.  The  binding 
energy  of  1.81  eV  may  seem  to  make  it  difficult  to  break 
Be-H  complexes.  An  estimate  for  the  dissociation  energy  of 
these  complexes  can  be  obtained  by  adding  the  activation 
energy  for  H"^  diffusion,  0.7  eV,^^  to  the  binding  energy  of 
the  Be-H  complex.  This  yields  a  dissociation  barrier  of  about 
2.51  eV.  Although  this  is  a  high  value,  it  should  not  be  a 
problem  to  dissociate  the  complexes  at  the  temperatures  typi¬ 
cally  used  for  activation  of  the  p-type  layers.  Indeed,  it  is 
well  known  that  hydrogen-acceptor  complexes  in  Si,  which 
have  a  dissociation  energy  of  about  1.2  eV,  can  be  broken  up 
at  temperatures  of  about  150  °C.  Assuming  similar  dissoca- 
tion  kinetics,  complexes  with  a  barrier  twice  as  high  should 
therefore  dissociate  at  a  temperature  of  2  X  (150+  273)  K,  or 
573  °C.  This  conclusion  is  in  agreement  with  the  assessment 
of  Bernardini  et  al^ 

Experiments  on  Be  incorporation  in  GaN  are  still  scarce. 
Incorporation  of  Be  in  GaN  has  so  far  been  performed  during 
MBE  growth^“^^  and  using  ion  implantation.*^’^^  The  earliest 


report  of  Be  doping  was  by  Ilegems  and  Dingle,"^^  who  in¬ 
corporated  Be  during  vapor  growth  of  GaN.  The  introduction 
of  Be  resulted  in  a  deep  yellow-green  luminescence  band 
centered  around  2.2,  which  is  most  likely  defect  related. 
Sanchez  et  alP~^  incorporated  Be  in  WZ  GaN  grown  by 
MBE  on  Si  substrates.  SIMS  (secondary  ion  mass  spectros¬ 
copy)  showed  the  presence  of  Be,  but  due  to  a  lack  of  cali¬ 
bration  no  concentrations  could  be  inferred.  Conductivity 
measurements  of  the  Be-doped  layer  were  impossible,  due  to 
the  electrical  activity  of  Ga  diffused  into  the  underlying  Si 
-substrate^  Finally,  Cheng-gL^!!^llxepoiledLEeincorpQration._,, 
in  ZB  and  WZ  GaN  grown  by  MBE  on  GaAs  substrates. 
SIMS  indicated  Be  incorporation,  but  again  no  calibration 
was  available.  For  high  Be  concentrations,  the  SIMS  profiles 
showed  evidence  of  Be  diffusion  through  an  undoped  GaN 
buffer  layer  and  into  the  underlying  GaAs  substrate. 

Ion  implantation  was  used  by  Ronning  et  to  incor¬ 
porate  Be  in  MOCVD-grown  GaN,  followed  by  annealing  at 
1100®C  for  at  least  one  hour  under  an  atomic  nitrogen  flux. 
Beryllium  concentrations  of  more  than  10*^  cm“^  were  ob¬ 
tained  as  measured  by  SIMS.  No  long-range  diffusion  of  Be 
was  observed,  but  this  result  could  merely  reflect  the  pres¬ 
ence  of  implantation  damage. 

B.  Ionization  energies 

Our  calculated  ionization  energy  for  the  Be  acceptor  in 
WZ  GaN  is  170  meV.  This  value  is  slightly  lower  (by  about 
30  meV)  than  our  previously  calculated  value  for  Mg  in 
GaN.^^  We  emphasize  that  the  error  bar  on  these  values 
(which  we  estimate  to  be  at  least  100  meV)  does  not  allow  us 
to  draw  firm  conclusions  about  the  magnitude  of  the  ioniza¬ 
tion  energy.  Still,  the  similarity  of  the  values  for  Be  and  Mg 
is  in  line  with  the  expectation  that  the  ionization  energy  for 
these  shallow  acceptors  is  largely  determined  by  intrinsic 
properties  of  the  semiconductor,  such  as  effective  masses 
and  dielectric  constants.  Indeed,  predictions  from  effective- 
mass  theory"^  for  ionization  energies  of  substitutional  accep¬ 
tors  in  WZ  GaN  produce  a  value  for  Be  between  185  and 
233  meV — only  slightly  lower  than  the  calculated  value  for 
Mg. 

Our  result  for  the  ionization  energy  is  larger  than  the  60 
meV  reported  by  Bernardini  et  al^  for  Be  in  WZ  GaN.  Their 
value  for  Be  in  ZB  GaN  was  even  lower,  the  acceptor  level 
being  resonant  with  the  valence  band.  One  potential  expla¬ 
nation  for  the  discrepancy  is  the  smaller  unit  cell  (32  atoms) 
used  in  their  calculations — although  our  own  results  for  32- 
atom  cells  produce  ionization  energies  quite  close  to  the  con¬ 
verged  values.  It  is  also  possible  that  the  correction  term 
discussed  in  Sec.  HD,  was  not  taken  into  account. 
This  correction  lowers  the  formation  energy  of  the  neutral 
charge  state,  and  hence  increases  the  ionization  energy.  Ne¬ 
glect  of  the  correction  would  thus  result  in  artificially  low 
acceptor  ionization  energies. 

In  Sec.  in  A  we  reported  that  the  large  lattice  relaxation 
for  Be^a  would  result  in  a  Franck-Condon  shift  of  about  100 
meV,  this  being  the  energy  difference  between  Be^g  with  a 
configuration  fixed  to  be  equal  to  that  of  the  Becg  neutral 
acceptor,  and  Be^g  in  its  lowest-energy,  relaxed  configura- 
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tion  (see  Fig.  2).  We  thus  expect  the  optical  ionization  en¬ 
ergy  to  be  higher  than  the  thermal  ionization  energy  by  100 
meV  (see  Sec.  II F).  Thermal  ionization  energies  for  Be  ac¬ 
ceptors  in  GaN  have  not  yet  been  reported,  due  to  a  lack  of 
electrical  conductivity  data  for  Be-doped  samples.  Photolu¬ 
minescence  spectroscopy  has  been  performed  by  several 
groups,  however,  and  various  estimates  for  the  optical  ion¬ 
ization  energy  have  been  published. 

Sanchez  et  observed  a  PL  line  at  3.384  eV,  which 
they  attributed  to  a  donor-acceptor  transition.  This  led  to  an 
^timate  for  energy  of  90  meV.  This 

result  agrees  with  the  work  of  Dewsnip  et  who  reported 
a  PL  line  at  3.376  eV;  again  assuming  this  to  be  a  donor- 
acceptor  transition,  they  calculated  an  ionization  energy  of 
90-100  meV. 

Other  groups,  however,  have  reached  different  conclu¬ 
sions  regarding  the  optical  ionization  energy.  Cheng  et  al}^ 
observed  a  PL  line  at  2.90  eV  in  their  zinc-blende  material, 
and  estimated  an  acceptor  ionization  energy  of  200  meV. 
Salvador  et  al}^  observed  a  PL  peak  at  390  nm  (3.187  eV), 
and  inferred  from  this  an  acceptor  ionization  energy  of  250 
meV.  They  also  reported  that  hot-probe  measurements  indi¬ 
cated  the  presence  of  p-type  conductivity.  Ronning  et  al}^ 
observed  a  PL  line  at  3.35  eV  in  their  Be-implanted  material. 
They  attributed  the  line  to  band-to-acceptor  \eA)  transitions, 
and  extracted  an  ionization  energy  of  150±  10  meV. 

The  reported  values  for  the  optical  ionization  energy  thus 
cover  a  wide  range,  from  90  meV  up  to  250  meV.  Based  on 
our  calculated  Franck-Condon  shift  of  100  meV,  we  think  it 
is  very  unlikely  that  the  optical  ionization  energy  of  the  sub¬ 
stitutional  acceptor  could  be  as  low  as  90  meV,  or  even  150 
meV.  Indeed,  this  would  result  in  a  thermal  ionization  energy 
smaller  than  50  meV,  which  conflicts  with  theoretical  predic¬ 
tions  and  for  which  there  is  currently  no  experimental  evi¬ 
dence.  We  suggest  that  the  photoluminescence  data  produc¬ 
ing  optical  ionization  energies  below  150  meV  be 
reexamined,  in  terms  of  their  attribution  to  an  isolated  Be 
substitutional  acceptor  and/or  the  interpretation  of  the  transi¬ 
tion  responsible  for  the  emission.  One  could  speculate  that 
the  observed  transition  may  involve  Be  interstitials,  for 
which  we  calculated  a  ++/+  ionization  level  about  90  meV 
below  the  conduction  band  (Sec.  IE  C  2). 

C.  Codoping  with  oxygen 

Brandt  et  reported  high  levels  of  Be  incorporation 
in  cubic  GaN  grown  by  MBE  on  semi-insulating  GaN  sub¬ 
strates.  Oxygen  was  introduced  as  a  codopant.  SIMS  indi¬ 
cated  concentrations  around  5X 10^®  cm”^  for  both  Be  and 
O.  No  significant  diffusion  of  Be  into  the  GaN  buffer  layer 
was  observed;  formation  of  Be-0  complexes  was  mentioned 
as  a  potential  reason  for  the  lack  of  diffusion.  Room- 
temperature  conductivities  as  high  as  50/flcm  were  re¬ 
ported.  Hall  measurements  (performed  after  removal  of  the 
substrate)  produced  hole  concentrations  of  up  to  5X10^^ 
cm”^,  and  mobilities  of  up  to  150  cm^/V  s. 

Yamamoto  and  Katayama-Yoshida  proposed  an  explana¬ 
tion  for  these  codoping  results  in  terms  of  Be<3a-ON-BeGa 


complexes.^^  They  performed  first-principles  calculations, 
but  tiieir  arguments  were  mainly  based  on  trends  in  the  elec¬ 
trostatic  (Madelung)  energy. 

We  reported  our  full  energy-minimization  calculations  for 
the  Be-O-Be  complexes  in  Sec.  TV  C.  We  found  that  the 
formation  energy  of  these  complexes  is  not  lower  than  that 
of  isolated  Be  acceptors  (at  least  if  equilibrium  with  the 
proper  solubility-limiting  phases  is  taken  into  account).  For¬ 
mation  of  Be-0  complexes  (which  are  electrically  neutral)  is 
energetically  quite  favorable,  but  attaching  a  second  Be  atom 
to  such  a  complex  is  only  marginally  favored.  Finally,  even 
if  Be-O-Be  complexes  form,  their  ionization  energy  does  not 
seem  to  be  noticeably  lower  than  that  of  isolated  Be  accep¬ 
tors  (within  the  error  bars  of  our  calculations).  We  therefore 
doubt  that  formation  of  Be-O-Be  complexes  is  a  viable  ap¬ 
proach  to  increasing  p-type  doping  of  GaN,  or  provides  an 
explanation  for  the  experimentally  observed  p-type  conduc¬ 
tivity  in  codoped  samples. 

D.  Compensation  and  how  to  avoid  it 

Our  calculated  formation  energies  for  Be  interstitials 
clearly  indicate  that  they  would  easily  incorporate  as  com¬ 
pensating  centers.  In  WZ  GaN,  our  caJculated  formation  en¬ 
ergy  of  Be?„*^  is  0.04  To  put  this  into  perspective, 

this  formation  energy  is  lower  than  that  of  the  nitrogen  va¬ 
cancy  (which  is  the  dominating  intrinsic  defect  in  p-type 
GaN),  at  least  for  Fermi-level  positions  within  1  eV  of  Ae 
top  of  the  valence  band. 

We  note  that  codoping  with  hydrogen  during  growth  of¬ 
fers  a  very  effective  means  of  avoiding  compensation.  In¬ 
deed,  hydrogen  itself  is  a  donor  with  a  very  low  formation 
energy and  hence  is  more  likely  to  incorporate  as  a  com¬ 
pensating  center  than  the  Be  interstitial — especially  when  the 
large  binding  energy  (and  hence  low  formation  energy)  of 
the  Be-H  complex  is  taken  into  account.  Compensation  by 
Be  interstitials  would  thus  be  effectively  suppressed  in  the 
presence  of  hydrogen.  The  hydrogen  would  need  to  be  re¬ 
moved  in  a  postgrowth  annealing  process  before  activation 
of  the  acceptors  could  be  achieved,  but  as  discussed  in  Sec 
V  A  that  should  not  pose  any  problems.  We  emphasize  that 
the  success  of  codoping  crucially  depends  on  the  ability  to 
remove  the  codopant  after  the  layers  have  been  grown.  This 
is  possible  in  the  case  of  hydrogen,  but  not  in  the  case  of 
other  elements  (such  as  oxygen)  that  have  been  suggested  as 
codopants.  This  issue  has  been  discussed  in  Ref.  23. 

If,  for  any  reason.  Be  interstitials  are  not  incorporated 
during  growth,  they  might  still  diffuse  into  the  bulk  after 
growth.  Our  calculated  diffusion  barrier  for  motion  along  the 
c  axis  is  2.90  eV;  we  estimated  in  Sec.  IE  C  5  that  this  would 
result  in  significant  diffusion  at  temperatures  above  850  ®C. 

Any  Be  interstitials  that  are  incorporated  are  likely  to  bind 
to  Beca  acceptors;  indeed,  their  diffusion  barrier  (at  least 
perpendicular  to  c)  is  quite  low,  and  Bef„*^  is  electrostatically 
attracted  to  Be^a  •  We  found  the  binding  energy  of  such  com¬ 
plexes  to  be  1.35  eV,  and  in  Sec.  TV  A  we  estimated  the 
dissociation  energy  to  be  2.53  eV.  This  is  very  similar  to  the 
dissociation  energy  of  Be-H  complexes,  and  thus  by  the 
same  arguments  as  used  in  Sec.  V  A  annealing  temperatures 
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of  600  °C  or  higher  should  be  adequate  to  break  such  com¬ 
plexes.  The  resulting  isolated  Be  interstitials  still  need  to  be 
“neutralized”  in  order  to  achieve  activation  of  the  Be  accep¬ 
tors.  This  can  be  achieved  either  by  completely  removing  the 
Be  interstitials  from  the  p-type  layer,  or  by  neutralizing  the 
interstitial  donors,  for  example  at  extended  defects.  If  lateral 
diffusion  suffices  to  achieve  this  neutralization,  then  the 
same  temperatures  as  required  for  breaking  of  the  complexes 
should  suffice  to  activate  the  p-type  layer.  However,  if  dif¬ 
fusion  parallel  to  c  is  necessary  (for  instance,  to  remove  the 
Be  interstitials -through  the  surface  of  the  wurtzite  layer)^ 
then  higher  temperatures  may  be  required  due  to  the  higher 
diffusion  barrier  for  interstitials  in  that  direction. 

VI.  SUMMARY  AND  OUTLOOK 

We  have  reported  comprehensive  first-principles  results 
for  Be  in  GaN.  The  formation  energy  of  Be  acceptors  is 
slightly  lower  than  that  of  Mg,  indicating  that  Be  would  ex¬ 
hibit  a  higher  solubility.  We  also  predict  a  slightly  lower 
thermal  ionization  energy  for  Be.  The  optical  ionization  en¬ 
ergy  is  calculated  to  be  higher  than  the  thermal  ionization 
energy  by  100  meV,  due  to  a  large  lattice  relaxation  of  the 
Be  acceptor  in  its  neutral  charge  state. 

The  calculations  show  that  Be  interstitials  have  a  low  for¬ 
mation  energy,  and  are  hence  likely  to  incoiporate  during 
growth.  Be  interstitials  are  double  donors  and  hence  cause 
compensation.  We  mapped  out  the  total-energy  surface  for 
diffusion  of  Be  interstitials,  finding  a  highly  anisotropic  be¬ 
havior,  with  diffusion  along  the  c  axis  having  a  much  larger 
barrier  (2.9  eV)  than  diffusion  in  planes  perpendicular  to  the 
c  axis  (1.2  eV).  The  interstitials  may  bind  to  substitutional 
acceptors,  with  a  binding  energy  of  1.35  eV  and  a  dissocia¬ 
tion  energy  of  2.53  eV. 

In  the  presence  of  hydrogen,  beryllium-hydrogen  com¬ 
plexes  may  form  with  a  binding  energy  of  1.81  eV  and  a 
dissociation  energy  of  2.51  eV.  Formation  of  such  com¬ 
plexes  would  result  in  a  higher  solubility  of  substitutional  Be 
acceptors,  and  suppression  of  compensation  by  Be  interstitial 
donors.  A  postgrowth  activation  anneal  is  then  required  to 
remove  the  hydrogen  from  the  vicinity  of  the  Be  acceptors. 

Based  on  our  results  and  analysis,  we  can  suggest  several 
experiments  that  could  shed  further  light  on  the  behavior  of 
Be  in  GaN.  Obviously,  an  experimental  determination  of  the 
thermal  ionization  energy  would  be  very  valuable.  Further 
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investigations  of  the  optical  ionization  energy,  particularly  in 
light  of  the  predicted  large  Franck-Condon  shift,  are  also 
desired. 

To  study  the  diffusion  of  interstitial  Be,  diffusion  of  Be 
into  GaN  from  a  Be  source  on  the  surface  could  be  at¬ 
tempted.  For  WZ  GaN,  this  would  probably  mainly  involve 
diffusion  along  the  c  axis,  which  we  predicted  to  have  a  high 
barrier.  If  diffusion  along  extended  defects  could  be  ex¬ 
cluded,  we  would  therefore  expect  only  very  slow  Be  diffu¬ 
sion  for  this  experimental  configuration.  It  would  be  highly 

in  which  interstitial  diffusion  perpendicular  to  the  c  axis 
could  be  studied,  which  we  predict  to  have  a  relatively  low 
barrier. 

If  Be  interstitials  are  incorporated  during  growth,  then 
postgrowth  annealing  experiments  would  be  very  informa¬ 
tive.  Indeed,  we  estimated  that  typical  annealing  tempera¬ 
tures  of  600  °C  or  higher  would  result  in  dissociation  of 
Be/„^-BeGa  complexes  and  rapid  in-plane  diffusion  of  Be  in¬ 
terstitials.  Diffusion  parallel  to  c  may  require  higher  tem¬ 
peratures. 

Finally,  the  role  of  hydrogen  is  likely  to  be  a  very  benefi¬ 
cial  one:  its  intentional  or  unintentional  incorporation  should 
be  monitored,  formation  of  Be-H  complexes  may  be  detected 
(for  instance  by  using  vibrational  spectroscopy  and  compar¬ 
ing  with  our  predicted  vibrational  modes),  and  dissociation 
of  such  complexes  by  thermal  annealing  should  be  at¬ 
tempted. 

In  conclusion,  our  first-principles  studies  have  elucidated 
the  attractive  aspects  of  beryllium  as  an  acceptor  in  GaN,  but 
also  the  potential  problems,  which  are  mainly  related  to  the 
incorporation  of  Be  interstitials.  We  hope  that  our  compre¬ 
hensive  investigation  of  the  properties  of  the  Be  dopant  will 
prove  useful  in  guiding  and  interpreting  experiments. 
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We  have  performed  density-functional  pseudopotential  calculations  to  investigate  the  electronic  structure, 
atomic  configurations,  and  formation  energies  of  native  point  defects  and  impurities  in  AIN.  For  the  native 
defects,  the  nitrogen  vacancy  has  the  lowest  formation  energy  in  p-type  material  and  the  aluminum  vacancy  has 
the  lowest  formation  energy  in  w-type  material.  Under  n-type  conditions  the  formation  energy  of  the  nitrogen 
vacancy  is  high,  indicating  that  it  will  not  occur  in  high  concentrations.  We  find  that  the  nitrogen  vacancy 
exhibits  a  different  behavior  in  the  zinc-blende  and  wurtzite  structures  with  respect  to  the  higher-lying  defect- 
induced  level:  in  zinc-blende  materials,  this  level  is  a  resonance  in  the  conduction  band  causing  the  vacancy  to 
act  as  a  shallow  donor,  while  in  wurtzite  the  level  lies  well  below  the  conduction-band  edge  causing  the 
vacancy  to  act  as  a  deep  donor.  In  the  zinc-blende  structure  we  find,  in  addition,  that  the  aluminum  interstitial 
has  a  low  formation  energy  in  p-type  material.  The  results  indicate  that  these  defects  could  be  important 
compensation  centers;  we  discuss  this  in  relation  to  the  dopant  impurities  O,  Si,  and  Mg.  We  also  investigate 
MgO  and  Mg202  impurity  complexes.  A  comparison  between  results  obtained  using  the  local-density  approxi¬ 
mation  and  the  generalized-gradient  approximation  for  the  exchange-correlation  functional  shows  that  the 
results  are  qualitatively  very  similar. 
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L  INTRODUCTION 

Group-in  nitride  materials  are  being  intensively  re¬ 
searched  due  to  their  demonstrated  success  in  optoelectronic 
devices  and  their  further  potential  in  this  area.^^^  For  ex¬ 
ample,  highly  efficient  blue  and  green  light-emitting  diodes 
have  been  fabricated,^  and  nitride-based  laser  diodes  have 
been  developed.^’^  Considerable  effort  is  being  focused  on 
obtaining  an  understanding  of  the  microscopic  electronic  and 
atomic  structure  which  will  afford  further  improvement  and 
control  of  device  performance.  An  important  step  in  this  di¬ 
rection  is  the  study  of  native  point  and  impurity  defects. 
While  there  have  been  several  theoretical  studies  of  point 
defects  in  GaN,  less  work  has  been  done  on  AIN.  It  is,  how¬ 
ever,  important  to  understand  the  behavior  of  defects  in  AIN 
in  addition  to  GaN  since,  e.g.,  the  cladding  and  confinement 
layers  which  surround  the  active  region  of  a  laser  diode  are 
typically  Al^^Gai  -j^N,  for  which  it  must  be  possible  to  per¬ 
form  both  n-  and  p-type  doping.  Successful  p-  and  n-type 
doping  of  AIN  could  also  lead  to  important  applications  for 
this  material.  In  GaN,  one  factor  limiting  p-type  conductivity 
is  self-compensation,  apparently  resulting  from  the  formation 
of  donor-acceptor  pairs;'*®  a  similar  problem  could  also  occur 
for  AIN,  which  to  date  has  resisted  attempts  at  doping. 

With  respect  to  theoretical  studies  of  native  defects  and 
impurities  in  AIN,  we  mention  the  following:  Jenkins  and 
Dow^  considered  defects  in  the  neutral  charge  state  using  an 
empirical  tight-binding  method.  Defect  levels  were  reported, 
but  no  calculation  of  formation  energies  was  attempted. 
More  recently,  first-principles  pseudopotential  calculations 
were  performed  by  Mattila  and  Nieminen,^®  who  reported 
formation  energies  of  various  charge  states  of  the  N  and  A1 
vacancies  and  the  O  impurity  in  zinc-blende  AIN,  as  well  as 
the  N  antisite.  It  was  reported  that  the  nitrogen  vacancy 


(  Vn)  induced  two  states  in  the  band  gap,  one  doubly  occu¬ 
pied  state  lying  above  the  valence-band  maximum  (VBM) 
and  a  higher-lying  level  that  could  be  occupied  with  one  or 
three  electrons  (the  neutral  and  singly  negative  charge  states 
being  unstable).  The  nature  of  the  latter  state  is  different 
from  what  was  reported  in  our  subsequent  work  (Refs.  12 
and  13),  where  we  found  that  the  upper  V^-induced  state  was 
a  resonance  in  the  conduction  band.  As  we  explain  below,  it 
appears  that  the  calculations  of  Ref.  10  erroneously  occupied 
the  lowest  conduction  band  rather  than  the  defect  state.  Re¬ 
cently,  Fara  etal}^  studied  A1  and  N  vacancies  as  well  as 
selected  impurities  in  wurtzite  AIN  for  various  charge  states 
using  the  pseudopotential  method.  With  respect  to  the  nitro¬ 
gen  vacancy,  they  found  the  upper  defect  state  to  be  deep  in 
the  band  gap,  i.e.,  about  1-3  eV  below  the  conduction-band 
minimum.  Our  systematic  calculations  will  indeed  confirm 
this  difference  between  zinc-blende  and  wurtzite  material, 
the  nitrogen  vacancy  acting  as  a  shallow  donor  in  the  former, 
but  as  a  deep  donor  in  the  latter. 

Regarding  impurities,  C,  Si,  and  Ge  (Ref.  15)  and  Si  and 
Ge  (Ref.  16)  in  wurtzite  GaN  and  AIN  were  investigated  in 
the  neutral  charge  state  by  Boguslawski  et  al  and  by  Park 
and  Chadi,  respectively.  Finally,  Gorczyca  etal}^  investi¬ 
gated  native  point  and  impurity  defects  using  the  Green’s- 
function  technique  based  on  the  linear  muffin-tin  orbital 
method  in  the  atomic  sphere  approximation  with  no  atomic 
relaxations  included;  here  the  emphasis  was  on  the  influence 
of  hydrostatic  pressure  on  the  defect  levels  with  no  formation 
energies  being  reported.  In  a  later  publication  these  authors 
studied  native  defects  and  the  C,  Zn,  and  Mg  impurities  in 
cubic  (zinc-blende)  AIN  and  GaN  in  the  neutral  charge  state, 
this  time  taking  atomic  relaxation  into  account  and  reporting 
formation  energies.^®  With  respect  to  the  study  of  Mg  and  O 
defect  complexes,  Gorczyca  et  al}^  investigated  Mg-0  (and 
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Mg“VN)  structures  in  (cubic)  GaN,  and  proposed  that  such 
complexes  could  play  a  role  in  self-compensation  when  at¬ 
tempting  p-type  doping,  which  could  also  have  implications 
for  AIN.  In  earlier  work,  Van  de  Walle  et  al}^  reported  a 
binding  energy  of  0.6  eV  for  the  Mg-0  complex  in  both 
(zinc-blende)  GaN  and  AIN. 

In  the  present  paper  we  perform  a  systematic  investigation 
of  the  electronic  and  atomic  structure,  as  well  as  defect  for¬ 
mation  energies,  of  native  point  defects,  selected  impurities 
(Si,  O,  and  Mg),  and  defect  complexes  MgO  and  Mg202  in 

AIN _ using _ first-principles _ pseudopotential  calculations. 

Some  of  these  results  were  briefly  reported  earlier. The 
paper  is  organized  as  follows:  In  Sec.  II  we  describe  the 
calculation  method  and  in  Sec.  HI  results  for  the  native  de¬ 
fects  are  presented.  Section  IV  describes  results  for  the  im¬ 
purities  and  defect  complexes,  and  Sec.  V  contains  the  con¬ 
clusion. 


II.  CALCULATION  METHOD 

The  calculations  are  performed  using  density-functional 
theory  (DFT)  and  the  pseudopotential  plane  wave  method.^* 
We  use  the  supercell  approach,  and  employ  a  tight-binding 
initialization  scheme  for  the  electronic  wave  functions  to  im¬ 
prove  convergence.  Both  the  local-density  approximation^^ 
(LDA)  and  the  generalized-gradient  approximation^^  (GGA) 
for  the  exchange-correlation  functional  are  used.  In  the  lit¬ 
erature  the  GGA  is  considered  as  a  possible  alternative  for  an 
improved  treatment  of  the  exchange-correlation  functional 
over  the  LDA,  and  was  found  to  yield  a  better  description  of 
a  number  of  physical  properties.^'^  To  date,  there  have  been 
very  few  defect  calculations  that  employ  the  GGA.  AIN  can 
assume  both  the  zinc-blende  and  wurtzite  structures,  the  lat¬ 
ter  being  the  stable  phase  and  the  former  being  stabilized 
through  epitaxial  growth.^^  The  majority  of  our  calculations 
are  performed  using  32-atom  zinc-blende  supercells  and  an 
energy  cutoff  of  40  Ry  with  two  special  k  points  in  the  irre¬ 
ducible  part  of  the  Brillouin  zone.^^  We  also  performed  some 
calculations  for  nitrogen  and  aluminum  vacancies,  which  are 
the  dominant  native  defects,  using  32-  and  72-atom  wurtzite 
supercells  with  two  and  three  special  k  points  in  the  Bril¬ 
louin  zone,^^  respectively;  the  results  obtained  with  the  larger 
cell  were  very  similar  to  the  32-atom  cell.  The  positions  of 
the  atoms  around  the  defects  are  relaxed  using  a  damped 
dynamics  approach.^^  The  pseudopotentials  are  created  using 
the  scheme  of  Troullier  and  Martins, and  for  the  GGA  cal¬ 
culations  we  include  the  GGA  in  the  creation  of  the  pseudo¬ 
potential  as  well  as  in  the  self-consistent  total-energy  calcu¬ 
lations,  so  that  the  description  is  consistent.^^’^^  In  earlier 
work^*  we  thoroughly  tested  the  performance  of  these 
pseudopotentials,  and  found  bulk  properties  in  very  good 
agreement  with  other  available  ab  initio  results.  These  poten¬ 
tials  have  also  been  used  in  our  other  recent  studies  of  group- 
Ill-nitride  systems.^^’^^’^^’^^  While  the  GGA  improved  the 
properties  for  N2,  bulk  Al,  and  AIN,  the  improvement  for 
GaN  was  less  significant  and  for  InN,  we  found  that  the 
GGA  exhibited  an  underbinding. 


The  formation  energy  of  a  native  point  defect  in  charge 
state  q  in  AIN  is  expressed  as 

(1) 

where  £'deWt(^)  energy  of  the  supercell  contain¬ 

ing  the  defect,  E‘®‘(bulk)  is  the  total  energy  of  a  similar 
supercell  containing  the  pure  bulk  crystal,  n/^\  and  are  the 
number  of  Al  and  N  atoms,  respectively,  that  af^Mded  to  or 
taken  from  the  bulk  crystal  in  order  to  create  the  defect,  and 
and  /xn  the  corresponding  chemical  potentials.  Ef  is 
the  Fermi  energy,  which  is  set  to  zero  at  the  valence-band 
maximum.  We  note  that  for  charged  defects,  a  proper  lineup 
of  the  band  structure  of  the  defect  supercell  with  that  of  the 
bulk  is  required.  This  is  done  using  the  difference  in  the 
average  potential  around  an  atom  in  a  bulklike  environment 
as  a  measure  of  the  shift  needed  to  line  up  the  band  structure 
(see  Refs.  34  and  35  for  details). 

A  low  value  of  the  formation  energy  indicates  a  high  equi¬ 
librium  concentration  of  defects,  while  a  high  value  implies  a 
low  concentration.  That  is,  for  a  given  temperature  and  in  the 
limit  of  low  concentrations,  one  can  assume  that  the  defect 
concentrations  obey  an  Arrhenius  type  of  behavior,  which 
means  that  the  logarithms  of  the  concentrations  are  propor¬ 
tional  to  the  formation  energies. 

The  chemical  potentials  depend  on  the  experimental  con¬ 
ditions  under  which  the  material  is  grown.  In  order  to  deter¬ 
mine  these  quantities,  we  invoke  the  relationship 
=  yLtAiN»  assuming  both  species  are  in  thermal  equilibrium 
with  AIN.  Furthermore,  the  chemical  potentials  must  satisfy 
the  boundary  conditions:  1/2 fjL^^  and  /tAi<  At Ai(buik)  0^ 

this  were  not  the  case,  then  AIN  would  be  thermodynami¬ 
cally  unstable  with  respect  to  the  formation  of  N2  molecules 
or  bulk  Al).  When  imposing  certain  growth  conditions 
[nitrogen-rich  (a^n^^  aluminum-rich  (a^ai 

=  AtAi(buik))  conditions],  the  chemical  potential  for  the  other 
species  can  be  determined  from  the  above  (thermal  equilib¬ 
rium)  relationship. 

For  the  case  of  an  impurity  of  species  X,  a  term  —  nx/ix 
will  appear,  in  addition,  on  the  right-hand  side  of  Eq.  (1).  In 
the  present  work  we  consider  O,  Si,  and  Mg  point  impurities, 
and  MgO  and  Mg202  defect  complexes.  The  atomic  chemi¬ 
cal  potentials  are  assumed  to  be  determined  by  equilibrium 
with  AI2O3,  Si3N4,  and  Mg3N2  (leading  to  maximum  solu¬ 
bility).  For  AI2O3  (sapphire)  we  use  the  calculated  heat  of 
formation  of  18.4  eV  (LDA)  and  16.5  eV  (GGA).  To  be 
consistent  with  the  defect  calculations,  these  values  are  ob¬ 
tained  at  the  same  energy  cutoff,  and  we  optimized  the  lattice 
constant.  The  experimental  value  is  17.24  eV.^^  For  Si3N4 
and  Mg3N2  we  use  the  experimental  values  of  the  heat  of 
formation  (4.81  and  7.70  eV,  respectively^^)  together  with 
the  energy  of  the  calculated  elemental  phase. 

In  the  zinc-blende  structure,  AIN  has  an  indirect  band  gap; 
we  calculate  the  minimum  gap  (indirect  F 15— Xi)  to  be  3.15 
eV.  The  corresponding  experimental  value  is  not  well  estab¬ 
lished,  but  it  will  be  notably  larger  than  the  theoretical  one 


155212-2 


THEORETICAL  INVESTIGATION  OF  NATIVE . . . 


PHYSICAL  REVIEW  B  65  155212 


FIG,  1.  Atomic  geometry  of  native  point  defects  in  zinc-blende 
AIN  in  the  ideal  (unrelaxed)  structure.  Large  gray  and  small  dark 
spheres  represent  A1  an  N  atoms,  respectively.  Vacancies  are  indi¬ 
cated  by  the  white  circles. 

reported  here  due  to  the  well-known  tendency  for  DFT-LDA 
(and  DFT-GGA)  calculations  (and  even  exact  DFT  (Ref.  37)] 
to  underestimate  band  gaps.  In  the  present  work  we  consider 
Ef,  spanning  the  indirect  band  gap  of  ^5.0  eV  as  obtained 
from  GW  calculations.^®  The  calculated  wurtzite  (direct) 
band  gap  is  4.74  eV,  and  the  experimental  value  is  6.28  eV 
(see,  e.g.,  Ref.  31). 

in.  NATIVE  POINT  DEFECTS 

The  ideal  (unrelaxed)  atomic  geometry  of  the  point  de¬ 
fects  in  zinc-blende  AIN  is  shown  in  Fig.  1 :  N  and  A1  vacan¬ 
cies  (  Vn  and  Vai),  N  and  A1  antisites  (Naj  and  Al^),  and  N 
and  A1  interstitiaJs  (N|  and  Al,).  The  associated  atomic  re¬ 
laxations  are  given  in  Table  1.  In  the  zinc-blende  structure 
there  are  two  interstitial  sites  with  tetrahedral  symmetry;  one 
in  which  the  interstitial  atom  is  surrounded  by  four  cations, 
and  the  other  where  it  is  surrounded  by  four  anions.  In  Fig.  1 
we  only  show  the  interstitial  anion  (cation)  with  cation  (an¬ 


Vacancies  Antisites  Interstitials 


Vai  Nai  N,  Al, 

FIG.  2.  Schematic  representation  of  the  defect-induced  elec¬ 
tronic  states  in  zinc-blende  AIN  for  the  neutral  charge  state.  Filled 
and  open  circles  ■denote_ele.ctiDns  and  holes^-xespectively. _ 

ion)  nearest  neighbors,  since  we  found  that  these  are  the 
lower-energy  defects.  In  the  next  subsections  the  associated 
defect  electronic  structure,  formation  energies,  and  atomic 
structure  are  discussed. 


A.  Electronic  structure 

In  Fig.  2  the  defect-induced  Kohn-Sham  levels  are  shown 
schematically  for  the  neutral  charge  state  in  zinc-blende  AIN. 
According  to  the  present  calculations,  the  nitrogen  vacancy 
(Vn)  introduces  two  states,  an  ai  (.y-like)  state  occupied  by 
two  electrons  appearing  above  the  valence-band  maximum, 
and  a  triplet  state  t2  (p-like)  containing  one  electron,  which 
is  a  resonance  in  the  conduction  band;  the  nitrogen  vacancy 
thus  acts  as  a  single  donor.  (We  keep  in  mind  here  that  in  the 
zinc-blende  (ZB)  structure,  AIN  has  an  indirect  band  gap,  as 
noted  earlier.)  In  the  calculations,  we  find  that  the  one  elec¬ 
tron  associated  with  the  t2  state  is  located  at  the  conduction- 
band  edge  and  not  in  the  defect  level.  Our  calculated  forma¬ 
tion  energy  for  the  neutral  charge  state  would  therefore  be 
unreliable  (i.e.,  lower  than  it  should  be).  Furthermore,  within 
the  DFT-LDA  the  band  gap  is  notably  smaller  than  experi¬ 
ment;  corrections  to  the  DFT-LDA  would  give  rise  to  a  larger 
band  gap  and  also  raise  the  formation  energy  of  .  We  can 
roughly  estimate  the  formation  energy  of  the  nitrogen  va¬ 
cancy  in  the  neutral  charge  state  by  approximating  it  to  be 
the  formation  energy  of  the  positive  charge  state  when  the 
Fermi  level  is  at  the  bottom  of  the  conduction  band.^^  This 


TABLE  1.  Defect  geometries  as  a  function  of  charge  state  for  point  defects  and  impurities  in  zinc-blende 
AIN.  Displacements  of  the  nearest-neighbor  atoms  are  expressed  as  a  percentage  of  the  ideal  bulk  bond 
length.  Positive  values  represent  displacement  away  from  the  defect  center,  and  negative  values  that  toward 
it.  For  the  N^^  defect,  the  values  correspond  to  the  percentage  displacement  of  the  N  atom  along  the  [111] 
direction  with  respect  to  the  ideal  N-Al  distance,  and  for  the  NJ^  defect,  the  values  correspond  to  the 
percentage  deviation  in  the  distance  between  the  two  N  atoms  that  share  the  substitutional  site,  referenced  to 
the  bond  length  of  the  N2  molecule. 
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- HG:-3r-EIcctmit-denshy-dtstffe  in  the  (HO)  plane-crf-ztno - 

blende  AIN  for  (left)  the  lower  a  j -like  nitrogen  vacancy  state,  (cen¬ 
ter)  the  state  at  the  conduction  band  minimum,  and  (right)  the 
higher-lying  f 2 -like  nitrogen  vacancy  state.  Large  and  small  white 
circles  represent  A1  and  N  atoms,  respectively,  and  the  black  dots 
indicate  the  nitrogen  vacancy. 

gives  a  value  of  about  7.8  eV  for  N-rich  conditions,  and  one 
of  about  4.3  eV  for  Al-rich  conditions  using  the  GW  band 
gap^^  of  5.0  eV.  We  point  out  that  attempts  to  occupy  this 
upper  defect  level,  i.e.,  considering  negatively  charged  states 
(e.g*,  etc.)  will  be  unsuccessful,  since, 

rather  than  the  defect  state,  the  conduction  band  will  be  oc¬ 
cupied,  leading  to  erroneous  results.  We  believe  that  this  was 
the  case  in  Ref.  10. 

The  behavior  of  the  nitrogen  vacancy  in  wurtzite  AIN  is 
quite  different.  The  band  gap  of  wurtzite  AIN  is  significantly 
larger  than  that  of  ZB  AIN,  and  the  upper  defect  state  now 
lies  below  the  conduction-band  minimum.  In  order  to  con¬ 
firm  these  assignments,  we  have  performed  calculations  us¬ 
ing  self-interaction  and  relaxation-corrected  (SIRC)  pseudo¬ 
potentials  which  afford  an  accurate  description  of  the  band 
gap:"^  for  zinc-blende  AIN  we  obtain  a  band  gap  of  5.05  eV 
(in  very  close  agreement  with  the  GW  result)  and  for  the 
wurtzite  structure  one  of  6.50  eV.  We  have  found  that  the  t2 
nitrogen  vacancy  state  is  indeed  above  the  conduction-band 
minimum  in  the  zinc-blende  structure  and  below  it  in  the 
wurtzite  structure.  The  calculations  were  carried  out  analo¬ 
gously  to  those  reported  in  Ref.  33;  further  details  will  be 
given  in  a  forthcoming  publication."**  In  Ref.  33  we  com¬ 
pared  the  position  and  nature  of  native  defects  in  InN  as 
obtained  using  the  LDA  and  SIRC  potentials,  and  found  that 
the  SIRC  calculations  alfect  the  positions  of  some  of  the 
defect  states  in  the  band  gap,  but  the  general  conclusions 
obtained  from  the  standard  DFT  calculations  remained  valid. 

In  Fig.  3,  we  show  the  spatial  distribution  (as  obtained  from 
our  DFT-LDA  calculations)  of  the  (lower)  tZj-like  nitrogen 
defect  state;  the  next  highest  state,  which  is  an  extended  state 
at  the  conduction-band  minimum  (CBM);  and  the  f2-like  ni-  ' 
trogen  defect  state,  which  is  at  an  energy  higher  than  the 
CBM  state.  The  former  and  latter  are  clearly  localized  at  the 
vacancy,  while  that  at  the  CBM  is  a  bulk  state  of  A1  charac¬ 
ter. 

The  aluminum  vacancy  (V^^i)  creates  a  triplet  state  in  the 
lower  part  of  the  band  gap  (see  Fig.  2)  which  is  occupied  by  < 
three  electrons  and  can  be  filled  with  three  more  electrons,  1 

i.e.,  is  a  triple  acceptor.  For  the  substitutional  nitrogen  1 

antisite  (N^i)  a  doubly  occupied  singlet  state  in  the  band  gap  i 
is  introduced,  as  well  as  an  empty  triplet  state  higher  in  the 
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FIG.  4.  Defect  formation  energies  (LDA)  for  native  point  de¬ 
fects  in  zinc-blende  AIN  as  a  function  of  the  Fermi  level  under 
nitrogen-rich  (left  panel)  and  aluminum-rich  (right  panel)  condi¬ 
tions.  Ef—0  corresponds  to  the  valence-band  maximum. 

band  gap  which  can  trap  six  electrons.  Depending  on  the 
position  of  the  Fermi  level,  N/^i  may  act  as  an  acceptor  or  a 
donor  (i.e.,  this  defect,  and  the  following  two  discussed,  ex¬ 
hibit  an  amphoteric  behavior).  The  aluminum  antisite  (Al^) 
introduces  a  deep  triplet  level  deep  in  the  band  gap.  It  is 
occupied  by  four  electrons,  and  can  be  filled  with  two  more 
electrons,  or  emptied  of  all  four,  thus  acting  either  as  an 
acceptor  or  a  donor.  For  the  tetrahedrally  coordinated  nitro¬ 
gen  interstitial  (N/),  a  triplet  state  in  the  band  gap  results, 
which  is  occupied  by  three  electrons.  This  level  can  be  filled 
by  three  more  electrons  or  conversely  emptied  of  three  elec¬ 
trons,  again  acting  respectively  as  an  acceptor  or  donor  de¬ 
pending  on  the  position  of  the  Fermi  level.  The  aluminum 
interstitial  (Al/),  finally,  introduces  a  triplet  state  in  the  upper 
part  of  the  band  gap,  occupied  by  three  electrons  (see  Fig.  2), 
and  is  thus  a  triple  donor.  For  the  A1  interstitial  at  the  0  site 
(see  Fig.  5)  in  the  wurtzite  structure,  which  is  lower  in  en¬ 
ergy  than  the  T  site  (as  discussed  below),  there  is  a  doubly 
occupied  single  deep  donor  level  and  a  higher  lying  singlet 
level  occupied  by  one  electron. 


B.  Formation  energy 

In  the  left  and  right  panels  of  Fig.  4  we  present  the  cal¬ 
culated  defect  formation  energies  for  the  various  charge 
states  as  a  function  of  the  Fermi  energy  Ef  in  zinc-blende 
AIN,  for  N-  and  Al-rich  conditions,  respectively.  For  clarity, 
for  each  charge  state  of  each  defect  we  have  not  plotted  the 
full  straight  line,  but  show  only  the  section  where  that  charge 
state  is  lower  in  energy  than  all  other  charge  states.  Thus  the 
change  in  slope  of  the  lines  represents  a  change  in  the  charge 
state  of  the  defect  [cf.  Eq.  (1)].  We  note  that  the  difference  in 
formation  energies  of  the  vacancies  between  N-  and  Al-rich 
conditions  is  exactly  the  heat  of  formation  of  AIN:  LH 
=£ain-£aU-  .  where  £k1.b«.k.  and  are 
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the  total  energies  of  bulk  AIN,  bulk  Al,  and  the  N2  dimer, 
respectively.  This  is  also  the  case  for  the  interstitial  defects, 
but  here  the  difference  is  ”  A//.  The  difference  in  formation 
energy  bet>veen  N-  and  Al-rich  conditions  for  the  antisites 
corresponds  to  twice  the  heat  of  formation.  We  calculate  the 
heat  of  formation  of  AIN  to  be  —  3.40  and  -  3.05  eV  for  the 
LDA  and  GGA,  respectively.  The  experimental  value  of  AH 
is  -3.28  eV.^^  Note  that  the  negative  formation  energies 
occurring  in  Fig.  4  are  not  a  problem;  indeed,  charge  neutral¬ 
ity  will  constrain  the  Fermi  level  to  a  region  where  the  for- 
mation  energies  are  positive. 


L  Vacancies 

It  can  be  seen  that  under  p-type  conditions  (low  Ep  val¬ 
ues)  the  nitrogen  vacancy  in  the  triply  positively  charged 
state,  ,  has  a  very  low  formation  energy.  We  find  that  the 
doubly  positively  charged  nitrogen  vacancy  is  unstable, 
thus  presenting  a  negative- (7  effect  between  triply  and  singly 
positive  charge  states.  This  has  also  been  found  to  occur  in 
GaN.^^’"^^  The  transition  level  of  AIN  is  about 

1.0  eV,  to  be  compared  with  ^0.2  eV  in  GaN.^^  Our  results 
for  and  are  in  good  agreement  with  the  calculations 
of  Mattila  and  Nieminen;^®  those  authors,  however,  did  not 
investigate  In  positive  charge  states  (cf.  our  discussion 
in  Sec.  IE  A),  we  expect  the  calculated  formation  energies  to 
be  accurate,  since  the  one  electron  that  was  a  resonance  in 
the  conduction  band  is  removed."^^  Under  n-type  conditions 
we  see  that  the  formation  energy  of  the  nitrogen  vacancy  is 
high,  indicating  that  this  defect  will  not  occur  in  high  con¬ 
centrations.  Nitrogen  vacancies  were  previously  shown  not 
to  be  a  cause  of  n-type  conductivity  in  GaN  (Ref.  44);  com¬ 
bined  with  the  present  results  for  AIN,  we  can  conclude  that 
nitrogen  vacancies  will  also  not  be  a  cause  of  n-type  conduc¬ 
tivity  in  Al;j.Gai  ^^^N  alloys. 

Under  n-type  conditions  {large  Ep  values),  the  triply 
negatively  charged  aluminum  vacancy  vh  has  the  lowest 
formation  energy.  The  behavior  of  the  Al  vacancy  is  similar 
to  the  case  of  the  gallium  vacancy  in  GaN.  However,  because 
of  the  larger  band  gap  of  AIN,  the  formation  energy  of 
is  significantly  lower  than  •  The  defect  level  of 
close  to  the  valence-band  maximum,  and  is  made  up  of  states 
that  reflect  nitrogen-/?  (i.e.,  valence-band)  character;  we 
therefore  expect  that  the  corrections  to  the  DFT-LDA  band 
gap  will  not  significantly  affect  the  energetic  position  of  this 
level,  and  consequently  that  the  calculated  formation  energy 
of  will  also  be  valid  for  all  Ep  values  shown  in  Fig.  4. 

Regarding  the  comparison  between  wurtzite  and  zinc- 
blende  structures  for  and  we  found  that  the  forma¬ 
tion  energies  differ  by  only  small  amounts  {by  0.01  and  0.13 
eV,  respectively).  The  defect  geometries  are  also  very  simi¬ 
lar,  as  discussed  below.  The  main  and  important  difference, 
as  noted  above,  is  that  in  a  wurtzite  structure  the  nitrogen 
vacancy  induces  an  upper  defect  level  below  the  CBM, 
which  in  the  neutral  charge  state  is  occupied  by  a  single 
electron,  while  in  a  zinc-blende  structure  this  state  is  a  reso¬ 
nance  in  die  conduction  band. 


FIG.  5.  Schematic  representation  of  the  wurtzite  stmcture  indi¬ 
cating  the  two  high-symmetry  interstitial  positions  T  and  O.  Large 
gray  and  small  dark  spheres  represent  cations  and  anions,  respec¬ 
tively. 


2.  Interstitials 

The  defect  level  induced  by  the  aluminum  interstitial, 
Al, ,  lies  high  in  the  band  gap,  close  to  (or  at)  the  conduction- 
band  minimum.  On  emptying  this  state  the  formation  energy 
is  rapidly  lowered  as  the  Fermi  level  moves  down.  It  can  be 
seen  that,  for  /7-type  conditions,  the  formation  energy  is  very 
low,  comparable  to  In  the  3  +  charge  state  the  Al,  level 
has  been  emptied  of  all  electrons;  hence  we  anticipate  that 
the  calculated  formation  energy  is  accurate,  using  the  same 
argument  made  above  for  the  positive  charge  state  of  the 
nitrogen  vacancy. 

The  equilibrium  geometry  for  the  Al-interstitial  defect  in 
zinc-blende  AIN  discussed  above  is  that  of  the  symmetric 
tetrahedral  interstitial  site,  i.e.,  there  is  no  tendency  for  the 
interstitial  atom  to  assume  a  lower  symmetry  position.  This 
is  in  contrast  to  the  Al  interstitial  site  in  the  wurtzite  struc¬ 
ture,  which  we  also  studied;  in  a  wurtzite  structure  there  are 
also  two  types  of  high-symmetry  interstitial  positions:  (tetra¬ 
hedral)  T  and  (octahedral)  O  sites.  The  T  site  corresponds  to 
the  center  of  the  line  joining  the  closest  nonbonded  Al  and  N 
atoms  along  the  c  axis  (see  Fig.  5).  It  has  two  nearest  neigh¬ 
bors  (one  cation  and  one  anion)  and  six  next-nearest  neigh¬ 
bors  (three  cations  and  three  anions).  The  O  site  is  located  at 
the  center  of  the  hexagonal  channel,  and  has  six  nearest 
neighbors  (three  cations  and  three  anions).  For  our  wurtzite 
calculations,  when  using  a  32-atom  supercell,  with  six  k 
points  in  the  Brillouin  zone  and  imposing  no  symmetry  re¬ 
strictions,  we  found  that  the  O  site  is  lower  in  energy  than 
the  T  site  by  1.53  eV,  the  formation  energies  for  the  O  site 
being  14.30  and  10.76  eV  for  the  neutral  charge  state  under 
N-  and  Al-rich  conditions,  respectively.  These  values  are 
more  than  2.0  eV  higher  than  for  Al,  in  the  zinc-blende 
structure.  The  Al  interstitial  is  thus  not  expected  to  be  an 
important  defect  in  wurtzite  material.  This  difference  is  due 
to  the  different  local  atomic  geometry  of  the  interstitial  sites 
in  the  two  structures:  in  the  zinc-blende  structure  the  inter¬ 
stitial  Al  atom  can  be  tetrahedrally  bonded  to  four  N  atoms, 
but  in  wurtzite  material,  only  three  Al,-N  bonds  are  formed. 
A  similar  difference  between  wurtzite  and  zinc-blende  struc- 
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tures  was  recently  reported  for  interstitial  beryllium  impuri¬ 
ties  in  GaN,  and  also  explained  in  terms  of  a  difference  in 
coordination,"^^ 

In  GaN  it  has  been  shown  that  a  “(100)  split-interstitial” 
configuration  has  the  lowest  formation  energy"^  for  an  inter¬ 
stitial  N  atom.  In  this  geometry  two  N  atoms  share  the  same 
substitutional  site  with  a  bond  length  similar  to  the  N2  dimer, 
and  each  N  atom  in  the  defect  has  two  bonds  to  the  surround¬ 
ing  cation  atom  instead  of  four.  In  AIN,  we  find  that  this  N 
split-interstitial  geometry,  N^^ ,  is  also  energetically  more  fa- 

Fig.  4):  in  the  neutral  charge  state  its  energy  is  lower  by 
^2.0  eV.  The  (100)  N  split-interstitial  defect  introduces  a 
pair  of  deep  levels  very  close  in  energy  which  are  occupied 
by  three  electrons.  In  Table  I  the  percentage  deviation  in  the 
bond  length  of  the  two  N  atoms  sharing  the  same  substitu¬ 
tional  site  is  given  with  respect  to  that  of  the  free  N2  mol¬ 
ecule. 

3.  Antisites 

Mattila  et  al}^  identified  the  stability  of  an  ELI  geometry 
for  the  N  antisite  in  the  negative  charge  states  in  both  zinc- 


N  rich  (LDA  vs  GGA) 


Alrich(LDAvsGGA) 


1  2  3 

Ep(eV) 


0  12  3  4 

EpCeV) 


FIG.  6.  Comparison  of  GGA  (dashed  lines)  and  LDA  (solid 
lines)  results  for  defect  formation  energies  of  various  low-energy 
point  defects  in  zinc-blende  AIN.  Formation  energies  are  shown  as 
a  function  of  the  Fermi  level  under  nitrogen-rich  (left  panel)  and 
aluminum-rich  (right  panel)  conditions.  £p=0  corresponds  to  the 
valence-band  maximum. 


blende  (ZB)  and  wurtzite  (WZ)  GaN  and  AIN.  In  this  atomic 
configuration,  there  is  a  displacement  of  the  nitrogen  atom 
off  the  substitutional  position  along  the  [111](ZB)  and 
[0(X)1](WZ)  directions.  We  have  performed  calculations  for 
the  N  antisite  in  AIN  investigating  the  stability  of  the  ELI 
geometry;  we  find  that  even  in  the  neutral  charge  state  the 
formation  energy  is  lower  than  the  substitutional  antisite  by 
0.35  eV  (see  Fig.  4).  In  the  neutral  EL2  configuration  there 
is  a  doubly  occupied  singlet  state  and  above  this  level  there 
are  two  deep  unoccupied  singlet  states.  We  find  that  the  sin¬ 
gly  negative  charge  state  is  not  stable  at  any  position  of  the 
Fermi  level,  therefore  exhibiting  a  negative- (7  behavior.  This 
was  also  found  to  be  the  case  for  GaN.^^  The  displacement  of 
the  N  atom  along  the  [111]  direction  for  the  neutral  charge 
state  is  49%  of  the  ideal  Al-N  nearest-neighbor  distance,  in 
agreement  with  Ref.  11.  The  displacements  for  the  singly  and 
doubly  negative  charge  states  are  given  in  Table  I.  While  the 
behavior  of  N^^  is  very  interesting,  we  doubt  that  this  de¬ 
fect  will  play  an  important  role  in  the  electronic  properties  of 
AIN;  indeed,  Fig.  4  shows  that  aluminum  vacancies  are  al¬ 
ways  lower  in  energy  than  nitrogen  antisites  in  n-type  AIN, 
and  will  therefore  be  the  preferred  compensating  center. 

Under  N-rich  conditions  the  A1  antisite  is  a  high  energy 
defect.  Under  Al-rich  conditions  it  has  a  low  formation  en¬ 
ergy  in  the  charge  state  for  strongly  p-type  material;  it  is 
however,  higher  than  the  and  Alf defects  and  thus  not 


occur.  We  were  able  to  attribute  the  differences  to  two  main 
effects:  (i)  Differences  in  the  energies  of  the  reservoirs 
[chemical  potentials;  see  Eq.  (1)]  due  to  the  LDA/GGA  dif¬ 
ferences  in  cohesive  energies,  binding  energies,  and  heats  of 
formation.  In  particular,  the  cohesive  energy  of  bulk  A1  is 
0.65  eV  smaller  in  the  GGA  than  in  the  LDA;  the  binding 
energy  of  the  N2  molecule  is  0.86  eV  smaller  (per  N  atom)  in 
the  GGA;  and  the  magnitude  of  the  heat  of  formation  of  bulk 
AIN  is  0.35  eV  smaller  in  the  GGA.^^  We  note  that  the  GGA 
results  for  each  of  these  systems  are  in  better  agreement  with 
experiment  (see  Ref.  31).  The  LDA  overbinding  in  the  defect 
calculations  is  to  some  degree  compensated  due  to  the  fact 
that  the  reservoir  or  reference  systems  also  exhibit  an 
overbinding;  however,  a  complete  cancellation  does  not  oc¬ 
cur.  (ii)  Differences  in  the  band  gap.  The  LDA  and  GGA 
band  structures  are  extremely  similar  when  calculated  at  the 
same  lattice  constant.  For  instance,  at  the  experimental  lat¬ 
tice  constant  the  LDA  and  GGA  band  gaps  differ  by  less  than 
0.02  eV.  However,  the  point-defect  calculations  are  carried 
out  at  the  respective  theoretical  lattice  constants,  at  which 
we  find  that  the  GGA  band  gap  is  0.62  eV  smaller  than  the 
LDA  band  gap.^^  The  reduction  in  the  band  gap  causes  some 
of  the  defect-induced  levels  to  lie  at  lower  energies  in  the 
band  gap,  which  could  affect  the  calculated  formation  energy 
of  defects  for  which  these  levels  are  occupied. 


expected  to  play  an  important  role. 


C,  Comparison  of  GGA  and  LDA  results 

Figure  6  shows  the  comparison  between  formation  ener¬ 
gies  obtained  using  the  GGA  vs  the  LDA.  Only  the  lowest- 
energy  defects  and  charge  states  (Vn^,  Al?^’,  and  viD 
were  included  in  this  study.  It  can  be  seen  that  there  is  good 
qualitative  agreement  but  that  some  quantitative  deviations 


D.  Atomic  structure 

In  Table  I  we  report  the  change  in  defect  geometry  with 
charge  state  for  point  defects  in  zinc-blende  AIN.  The  dis¬ 
placement  of  the  nearest-neighbor  atoms  of  the  defect  with 
respect  to  the  unrelaxed  positions  is  given  as  a  percentage  of 
the  ideal  Al-N  bond  length.  The  nitrogen  vacancy  exhibits  a 
strong  dependence  on  the  charge  state:  In  the  neutral  charge 
state,  the  four  surrounding  A1  atoms  are  almost  unperturbed. 
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N  rich  A1  rich 


FIG.  7.  Formation  energies  (LDA)  of  impurities  and  defects 
relevant  for  n-type  AIN,  as  a  function  of  the  Fermi  level  under 
nitrogen-rich  (left  panel)  and  aluminum-rich  (right  panel)  condi¬ 
tions,  Oxygen  and  silicon  are  donor  impurities,  and  the  A1  vacancy 
is  the  dominant  compensating  defect.  Ef=0  corresponds  to  the 
valence-band  maximum. 


while,  for  an  increasing  positive  charge  state,  the  A1  atoms 
move  increasingly  outwards.  For  the  3+  charge  state,  the 
displacement  is  17%.  (Ilie  corresponding  GGA  value  is 
about  14%.)  This  can  be  compared  to  that  of  19%  for  the 
same  defect  in  GaN."^^  In  a  wurtzite  structure,  we  find  that 
the  three  equivalent  nearest-neighbor  A1  atoms  move  out¬ 
wards  firom  the  vacancy  by  18%  and  the  nonequivalent 
neighboring  A1  atom  moves  outwards  by  27%. 

In  contrast,  relaxations  around  the  aluminum  vacancy 
show  very  little  dependence  on  the  charge  state,  with  roughly 
a  9-10%  outward  breathing  relaxation  of  the  four  neighbor¬ 
ing  N  atoms.  (The  corresponding  GGA  value  for  Viris9%.) 
For  in  wurtzite  AIN  the  nearest-neighbor  N  atom  along 
the  c  axis  moves  outward  by  15%,  and  the  three  equivalent 
neighboring  N  atoms  move  outwards  by  9%,  similar  to  the 
relaxations  in  the  zinc-blende  structure. 

The  geometry  of  the  aluminum  interstitial,  Al/ ,  also  does 
not  depend  very  strongly  on  the  charge  state,  exhibiting  a 
small  inward  movement  of  the  neighboring  N  atoms  of  about 
4%.  The  nitrogen  split  interstitial  is  the  energetically  favor¬ 
able  configuration  for  the  N  interstitial.  It  can  be  seen  that  for 
the  3+  charge  states  the  distance  between  the  two  N  atoms  is 
only  about  5%  larger  than  in  the  N2  molecule.  When  elec¬ 
trons  are  added  to  the  defect  level,  the  N-N  distance  is  in¬ 
creased.  Large  outward  relaxations  are  found  for  the  alumi¬ 
num  antisite;  this  is  due  to  the  larger  size  of  the  A1  atom  as 
compared  to  the  N  atoms,  and  induces  large  internal  strains, 
leading  to  rather  high  formation  energies.  The  relaxations  of 
AIn  become  larger  for  increasing  positive  charge  states,  from 
17%  for  Al^  to  28%  for  AIn”^.  The  substitutional  nitrogen 
antisite  N^i  induces  only  very  small  displacements  for  the 
neutral  charge  state  (1%),  and  increasingly  larger  outward 
displacements  for  both  negative  and  positive  charge  states. 
We  saw  above  that  the  energetically  favorable  configuration 
for  Nyy  is  the  so-called  ELI  geometry.  In  this  configuration 
the  N  atom  has  moved  between  49%  (neutral)  and  39%  (dou¬ 
bly  negative)  of  the  ideal  Al-N  distance  along  the  [111]  di¬ 
rection,  thus  forming  shorter  and  stronger  bonds  with  its 
three  neighboring  N  atoms  (as  opposed  to  a  tetrahedral  bond¬ 
ing  arrangement). 


IV.  IMPURITIES 
A.  Mg,  O,  and  Si  impurities 

Figure  7  shows  the  calculated  formation  energy  in  zinc- 
blende  AIN  of  the  O  and  Si  impurities,  as  well  as  Vi7,asa 
function  of  E^t  for  both  N-  and  Al-rich  conditions.  As  found 
in  earlier  studies  of  O  and  Si  in  GaN  (Ref.  44)  and  AIN,^^ 
oxygen  substitutes  on  the  N  site  and  silicon  substitutes  on  the 
cation  site.  The  O  and  Si  impurities  introduce  a  singly  occu¬ 
pied  level  which  is  a  resonance  in  the  conduction  band.  From 
-Table  I  it  can  be  seen-tiiat-O^imduces  an  outward  expansion 
of  the  nearest  four  A1  atoms  of  3.8%,  while  for  Si^  an  in¬ 
ward  relaxation  of  5.0%  of  the  neighboring  N  atoms  occurs. 
The  formation  energies  of  O  and  Si  in  the  positive  charge 
state  are  very  low  in  /?-type  material. 

Magnesium  in  GaN  has  been  shown  to  have  the  lowest 
formation  energy  when  occupying  the  substitutional  cation 
site.^^  We  therefore  assumed  that  for  AIN  it  would  also  “pre¬ 
fer”  the  cation  site  and  act  as  an  acceptor.  The  Mg  atom 
induces  a  large  outward  movement  of  the  surrounding  N  at¬ 
oms  of  10.1%  for  Mg^  and  9.4%  for  Mg”.  Figure  8  displays 
the  calculated  formation  energy  of  the  Mg  impurity  as  well 
as  of  the  dominant  compensating  defects  in  p-type  AIN, 
namely,  and  Al?“  .  The  lowest-energy  charge  state  of 

Mg  changes  from  neutral  to  —  1  at  £^=0.4  eV;  this  transi¬ 
tion  level  corresponds  to  the  acceptor  ionization  energy.  This 
value  can  be  compared  to  that  calculated  for  GaN  of 
^0.2  eV.^^  Experimentally,  based  on  an  analysis  of 
temperature-dependent  Hall  data,  Tanaka  et  found  the 
Mg  activation  energy  to  be  35  meV  deeper  in  Alo.o8Gao  92N 
than  in  GaN.  Assuming  linearity,  this  would  make  the  Mg 
acceptor  in  AIN  0.44  eV  deeper  than  in  GaN,  in  reasonable 
qualitative  agreement  with  our  computed  result. 

The  low  formation  energies  found  in  the  present  work  for 
the  triple  donors,  and  Al?"*",  under  p-type  conditions, 
indicate  that  these  defects  will  compensate  shallow  acceptors 
(e.g.,  Mg),  thus  potentially  interfering  with  attempts  at 
p-type  doping.  In  particular,  the  nitrogen  vacancy  has  a  lower 
formation  energy  in  AIN  than  in  GaN,  indicating  that  com¬ 
pensation  by  nitrogen  vacancies  is  therefore  the  likely  cause 
of  the  decreased  doping  efficiency  of  Mg  when  the  A1  con¬ 
tent  is  raised  in  Al^^Gai  alloys.  The  A1  interstitial  should 
not  be  a  concern  in  wurtzite  material,  but  is  low  in  energy  in 
zinc-blende  AIN.  Problems  in  achieving  p-type  AI;pGai»;,.N 
for  0.1 3  have  indeed  been  observed.^^  The  low  formation 
energy  of  the  O  and  Si  impurities  in  the  positive  charge  state 
imply  that  either  of  these  impurities,  if  present  during  p-type 
growth,  will  be  readily  incorporated  and  act  as  a  compensat¬ 
ing  center. 

We  find  that  vl;  has  a  sufficiently  low  formation  energy 
to  act  as  an  effective  compensating  center  for  shallow  donors 
(e.g.,  O  and  Si),  inhibiting  successful  n-type  doping.  Severe 
problems  in  achieving  n-type  conductivity  were  reported  in 
Al^Gai^;pN  for  x^O.4;  see,  for  example,  Refs.  49-51.  In 
Ref.  12  we  proposed  that  the  drop  in  n-type  conductivity 
with  increasing  x  can  be  attributed  to  two  effects:  (i)  In  the 
case  of  doping  with  oxygen  (the  most  common  unintentional 
donor),  a  DX  transition  occurs  (in  wurtzite  material)  which 


155212-7 


C.  STAMPFL  AND  C.  G.  VAN  DE  WALLE 


PHYSICAL  REVIEW  B  65  155212 


N  rich  A1  rich 


FIG,  8.  Formation  energies  (LDA)  of  impurities  and  defects 
relevant  for  /?-type  AIN,  as  a  function  of  the  Fermi  level  under 
nitrogen-rich  (left  panel)  and  aluminum-rich  (right  panel)  condi¬ 
tions.  Magnesium  is  the  acceptor  impurity,  and  Al,-  and  are  the 
dominant  compensating  defects.  Ef=0  corresponds  to  the  valence- 
band  maximum. 


converts  the  shallow  donor  into  a  deep  level;"^^  the  DX  be¬ 
havior  of  oxygen  is  not  included  in  Fig.  7.  (ii)  Compensation 
by  the  cation  vacancies  (Vq^  or  Vai,  triple  acceptors)  in¬ 
creases  with  alloy  composition  x. 

B.  Mg„0„  complexes 

We  also  performed  calculations  for  complex  formation 
between  Mg  and  O  in  zinc-blende  AIN,  in  particular  MgO 
and  Mg202.  We  consider  Mg  substituting  on  A1  sites  and  O 
atoms  on  N  sites.  We  calculate  (i)  the  formation  energy  as 
given  in  Eq,  (1)  and  (ii)  the  average  binding  energy,  defined 
with  respect  to  the  separated  impurities  Mg^|  and  Ojjj : 

£*(nMgAi  ;kOn)  =  [  -  ^^(nMgAi  ;nON)  +  wE^CMgAi) 

+  nE^{0^)Vn,  (2) 

where  are  the  formation  energies  of  the  defects  indicated 
in  the  associated  parentheses,  and  n  =  l  or  2, 

The  atomic  structure  of  the  MgO  and  Mg202  defects  (at 
the  ideal,  unrelaxed  positions)  is  shown  in  Fig.  9,  where  the 
binding  energies  are  also  given.  The  relaxed  Mg-0  bond 
lengths  remain  very  similar  in  each  Mg„0„  defect,  namely 
2.09  A  for  MgO  and  2.08  A  for  Mg202.  These  values  are 
very  close  to  those  of  crystalline  MgO,  where  the  bond 
length  is  2.10  A.^^  Compared  to  the  N-Al  nearest-neighbor 
distance  (1.87  A),  the  Mg-0  bond  lengths  are  about  11.5% 
longer.  As  discussed  above,  the  Mg^i  defect  is  a  shallow 
acceptor,  and  the  O^  defect  is  a  shallow  donor.  On  forming 
the  Mg^jOisf  defect,  we  find  that  there  are  no  longer  any 
states  in  the  band  gap;  there  is  an  occupied  defect  state  below 
the  VBM  and  an  unoccupied  state  above  the  CBM.  The  neu¬ 
tral  MgO  complex  has  a  binding  energy  of  0.6  eV,  as  re¬ 
ported  previously.^®  For  the  Mg202  defect,  which  forms  an 
O-Mg-O-Mg  zigzag  structure,  the  binding  energy  per  MgO 
unit  is  somewhat  larger,  namely,  0.8  eV.  Again,  in  this  case 
there  are  no  states  in  the  band  gap.  The  stability  of  the  com- 


FIG.  9.  Atomic  geometry  of  MgO  and  Mg202  complexes  in 
AIN.  Large  and  small  open  circles  represent  Mg  and  O  atoms,  re¬ 
spectively,  and  large  pale  gray  and  small  dark  gray  circles  represent 
A1  and  N  atoms,  respectively.  is  the  binding  energy  (in  eV)  per 
MgO  pair. 


plexes  can  be  understood  as  reflecting  the  larger  bond 
strength  of  Mg-0  as  compared  to  Mg-N:  the  heat  of  forma¬ 
tion  of  crystalline  MgO  is  —6.16  eV,  and  for  Mg02  the 
value  is  -6.46  eV,  as  compared  to  -4.81  eV  for  Mg3N2.^^ 
The  formation  energies  of  the  MgO  and  Mg202  defects  are 
0.92  and  1.67  eV,  respectively.  These  quantities  are  indepen¬ 
dent  of  Ep,  since  the  complexes  are  neutral,  and  are  the 
same  for  N-  and  Al-rich  conditions  due  to  the  assumed 
chemical  potentials  described  above.  Thus,  on  thermody¬ 
namic  grounds,  due  to  its  relatively  high  formation  energy, 
we  conclude  that  the  Mg202  complex  is  unlikely  to  be 
present  in  any  significant  quantities.  MgO  pairs,  however, 
may  be  more  abundant  and  could  play  a  role  in  the  compen¬ 
sation  of  acceptor  doping  with  Mg  if  oxygen  is  present  as  a 
contaminant. 


V.  CONCLUSION 

We  have  performed  first-principles  calculations  for  native 
point  defects  and  selected  impurities  in  AIN.  The  triply  posi¬ 
tively  charged  nitrogen  vacancy  (and  the  triply  positively 
charged  aluminum  interstitial,  in  zinc-blende  AIN)  have  the 
lowest  formation  energies  in  p-type  material,  and  in  n-type 
material  the  triply  negatively  charged  aluminum  vacancy  has 
the  lowest  formation  energy.  Due  to  the  low  formation  ener¬ 
gies,  the  triple  donors  and  Al?'*'  may  act  as  compensat¬ 
ing  centers  when  trying  to  achieve  /?-type  doping  (e.g.,  with 
Mg).  If  oxygen  contaminants  are  present  in  the  material,  then 
substitutional  Mg^iON  pairs  may  also  contribute  to  the  com¬ 
pensation.  In  n-type  material,  may  act  as  a  compensat¬ 
ing  center,  thus  limiting  the  electron  concentration  provided 
by  Si  and  O  impurities  which  we  find  are  shallow  donors. 
The  formation  energy  of  the  nitrogen  vacancy  is  high  in 
n-type  AIN,  indicating  that  this  defect  is  not  expected  to 
occur  in  high  concentrations.  is  found  to  be  unstable; 
thus  there  is  a  negative-!/  effect  between  and  .  For 
the  nitrogen  antisite  we  find  that  the  EL2  configuration  is  the 
stable  one  for  the  neutral  and  negative  charge  states,  where 
the  singly  negative  charge  state  is  found  to  be  unstable,  so 
that  there  is  also  a  negative-!/  effect  between  N^f’®  and 
This  defect,  however,  has  a  high  formation  energy, 
indicating  that  it  will  not  be  present  in  high  concentrations. 
For  the  N  interstitial,  we  identified  the  stability  and  energetic 
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preference  for  a  (100)  split  interstitial  configuration.  Again  it 
is  a  high-energy  defect.  We  find  that  the  nature  of  the  nitro¬ 
gen  vacancy  is  different  in  the  zinc-blende  and  wurtzite 
structures  in  that  the  higher  lying  defect-induced  level  is  a 
resonance  in  the  conduction  band  in  a  zinc-blende  structure 
but  lies  well  below  the  conduction-band  edge  in  a  wurtzite 
structure.  The  nitrogen  vacancy  is  thus  a  shallow  donor  in  a 
zinc-blende  structure,  but  a  deep  donor  in  wurtzite  AIN. 
From  comparison  of  the  GGA  and  LDA  results,  for  the  sys 


terns  investigated,  we  find  some  quantitative  differences  but 
qualitative  agreement. 
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Entropy-Driven  Stabilization  of  a  Novel  Configuration 
for  Acceptor-Hydrogen  Complexes  in  GaN 
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We  present  a  model  for  the  microscopic  structure  of  Mg-H  complexes  in  GaN,  explaining  the  unusual 
bond  angle  observed  in  recent  vibrational  spectroscopy  studies.  The  structure  is  not  the  lowest-eneigy 
configuration  at  T  =  0,  but  it  is  stabilized  at  elevated  temperatures  due  to  the  large  entropy  associated 
with  a  set  of  low-energy  rotational  excitations.  The  rotational  excitation  spectrum  is  calculated  using  a 
quantum-mechanical  model  in  which  the  hydrogen  atom  moves  in  a  weak  corrugation  potential.  Conse¬ 
quences  for  experiment  are  discussed. 
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It  is  well  known  that  hydrogen  can  passivate  dopants  in 
semiconductors,  resulting  in  the  formation  of  electrically 
inactive  dopant-hydrogen  complexes  [1].  This  process 
plays  a  critical  role  during  the  growth  of  acceptor-doped 
GaN,  where  incorporation  of  H  results  in  complete  neutral¬ 
ization  of  the  acceptors.  A  post-growth  anneal  is  required 
to  remove  H  from  the  vicinity  of  the  acceptors,  yielding 
the  desired  p-type  conductivity.  A  thorough  understand¬ 
ing  of  complex  formation  and  dissociation  is  deemed  es¬ 
sential  for  optimizing  the  activation  process  and  enhancing 
the  conductivity.  Experimentally,  vibrational  spectroscopy 
has  proven  an  excellent  tool  for  monitoring  the  presence 
of  acceptor-hydrogen  complexes  [2].  Identification  of  the 
complex  responsible  for  a  particular  line,  however,  is  pos¬ 
sible  only  in  conjunction  with  first-principles  theory.  For 
instance,  the  local  vibrational  mode  (LVM)  at  3125  cm~^ 
observed  in  Mg-doped  GaN  [3,4]  occurs  at  a  much  higher 
frequency  than  expected  for  Mg-H  bonds.  Computations 
have  shown,  however,  that  the  hydrogen  atom  in  the  Mg-H 
complex  is  strongly  bonded  to  a  nitrogen  neighbor  of  the 
Mg  atom  [see  Fig.  1(a)],  explaining  the  high  frequency  of 
the  observed  vibrational  mode  [5]. 

Recently,  infrared  spectroscopy  using  polarized  light 
produced  additional  information  about  the  Mg-H  complex: 
Cleijaud  et  al.  [4]  found  that  the  electric  dipole  induced  by 
the  vibration  (which  should  roughly  correspond  to  the  ori¬ 
entation  of  the  N-H  bond)  formed  an  angle  of  130®  with 
the  c  axis  of  the  GaN  wurtzite  crystal.  This  large  deviation 
from  the  expected  angle  of  109°  in  the  ABn.x  (antibond¬ 
ing)  configuration  [see  Fig.  1(a)]  is  very  puzzling.  Our 
calculations  show  that  a  distorted  ABn_x  configuration  in 
which  the  N-H  bond  forms  an  angle  of  130°  with  the  c 
axis  (as  shown  in  Ref.  [4])  is  unstable  and  immediately 
relaxes  back  to  the  regular  configuration  with  6  =  109°. 
The  first  goal  of  this  Letter  is  to  propose  a  new  model 
for  the  configuration  of  the  Mg-H  complex,  illustrated  in 
Fig.  1(b):  in  this  structure  (which  we  label  OA||),  the  N-H 
bond  is  not  aligned  in  the  same  direction  as  the  Mg-N 
bond  [as  in  Fig.  1(a)];  rather,  the  Mg-N  bond  is  oriented 
(roughly)  along  [0001],  and  the  interaction  between  H  and 
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the  Mg  atom  changes  the  angle  6  to  approximately  130°. 
Both  this  angle  and  the  calculated  vibrational  frequency  for 
this  structure  (reported  below)  are  in  very  good  agreement 
with  experiment  [4].  However,  one  mystery  remains:  the 
calculated  total  energy  of  this  configuration  is  higher  (by 
0.19  eV)  than  the  energy  of  the  AB^  ^  configuration.  The 
magnitude  of  this  energy  difference  would  render  experi¬ 
mental  observation  of  OA||  very  unlikely. 

The  second  goal  of  this  Letter  is  to  provide  an  expla¬ 
nation  for  the  stabilization  of  the  130°  configuration.  The 
relative  occupation  of  the  two  configurations  is  determined 
at  high  temperatures,  where  the  H  atom  is  sufficiently  mo¬ 
bile  to  explore  various  local  minima.  The  stability  of  the 
candidate  configurations  is  thus  determined  by  ihtir  free 
energy.  It  turns  out  the  130°  configuration  gives  rise  to 
a  set  of  low-eneigy  excitations,  which  contribute  signifi¬ 
cantly  to  the  entropy  of  the  complex.  At  sufficiently  high 
temperatures  the  entropy  term  lowers  the  free  energy  of  the 


FIG.  1.  Schematic  representation  of  atomic  positions  in  the 
(11-20)  plane  for  a  Mg-H  complex  in  wurtzite  GaN,  with  H 
at  the  (a)  ABn,x  site  and  (b)  OA||  site.  Large  circles  represent 
Ga  atoms,  medium  circles  N  atoms,  shaded  circle  the  Mg  atom, 
and  the  small  circle  the  H  atom.  Dashed  circles  indicate  ideal 
atomic  positions,  dashed  lines  bonds  in  the  ideal  lattice.  Changes 
in  Mg-N  bond  lengths  are  given  as  a  percentage  of  change  from 
the  bulk  Ga-N  bond  lengths. 


©  2001  The  American  Physical  Society 


205505-1 


205505-1 


Volume  87,  Number  20 


PHYSICAL  REVIEW  LETTERS 


12  November  2001 


OA||  configuration  below  that  of  ABn,i.  We  will  show 
quantitatively  that  this  entropy-driven  mechanism  stabi¬ 
lizes  the  OA||  configuration  at  the  temperatures  relevant  for 
the  GaN:Mg-H  system.  Other  consequences  of  the  pres¬ 
ence  of  low-energy  excitations  will  be  discussed. 

Our  results  are  based  on  first  principles  calculations  us¬ 
ing  density  functional  theory  in  the  local  density  approxi¬ 
mation  [6]  and  norm-conserving  pseudopotentials,  with  a 
plane-wave  basis  set  [7].  We  have  performed  calculations 
both  with  explicit  inclusion  of  the  Ga  3  J  states  (requiring 
a  plane-wave  cutoff  of  60  Ry)  and  with  the  “nonlinear  core 
correction”  (nice)  [8]  (with  a  cutoff  of  40  Ry);  the  results 
are  not  sensitive  to  this  approximation,  and  the  numbers 
reported  below  were  obtained  with  the  nice.  A  supercell 
geometry  was  employed,  with  supercells  containing  32  or 
64  atoms  for  zinc  blende,  and  32  or  96  atoms  for  wurtzite, 
with  at  least  24, 36, 24,  and  46  atoms,  respectively,  allowed 
to  relax.  The  larger  supercells  yield  converged  results  for 
all  the  relevant  energy  differences,  while  the  smaller  cells 
are  adequate  for  extracting  the  energy  differences  needed 
to  calculate  vibrational  frequencies. 

These  frequencies  are  obtained  by  calculating  energies 
for  configurations  in  which  the  H  is  displaced  from  its  equi¬ 
librium  site,  in  accordance  with  a  stretching-  or  bending¬ 
mode  vibration.  Because  of  the  small  mass  of  the  H  atom, 
displacements  of  the  host  atoms  can  be  neglected;  we  have 
shown,  by  explicit  comparison  with  evaluating  the  dy¬ 
namical  matrix  [9],  that  this  is  a  very  good  approximation, 
provided  the  reduced  mass  of  the  N-H  system  is  used 
in  evaluating  the  frequencies  based  on  force  constants. 
These  constants  are  obtained  from  fitting  a  fourth- 
order  polynomial  to  the  calculated  data  points;  the  third- 
and  fourth-order  terms  allow  us  to  derive  anharmonic 
corrections,  which  are  sizable  in  the  case  of  a  light  atom 
such  as  H  [10].  The  numerical  error  bars  associated  with 
this  approach  are  fairly  small,  but  a  systematic  error  results 
from  the  fact  that  our  pseudopotential-density-functional 
calculations  overestimate  the  N-H  bond  length  by  0.6%. 
We  have  checked  the  systematic  nature  of  this  deviation  in 
a  series  of  calculations  on  many  different  configurations 
of  H  in  GaN  as  well  as  on  NH3  molecules  [11].  The 
deviation  results  in  an  underestimation  of  the  vibrational 
frequencies  of  stretch  modes  by  75  cm'*^ 

The  first  step  in  our  investigations  is  to  establish  all 
candidate  configurations  for  the  Mg-H  complex.  The  ABn 
and  BC  (bond  center)  configurations  have  previously  been 
investigated  for  both  the  zinc-blende  [5]  and  the  wurtzite 
[12]  structures,  with  the  ABn  site  showing  lower  energy. 
In  the  wurtzite  structure,  there  are  two  types  of  each  ABn 
and  BC:  one  type  has  threefold  symmetry  and  is  associated 
with  bonds  oriented  parallel  to  the  c  axis;  we  label  these 
sites  BC||  and  ABn,||.  The  other  type  is  associated  with 
the  bonds  that  are  not  parallel  to  the  c  axis;  although  these 
are  not  exactly  “perpendicular”  to  the  c  axis,  we  use  the 
notation  BCi  and  ABn,i- 

We  find  that  the  BC  sites  are  not  stable  or  even 
metastable  sites  for  H.  For  instance,  starting  from  BCjj 


and  moving  H  slightly  off  the  c  axis  causes  this  configura¬ 
tion  to  relax  to  the  OA|)  (off-axis)  configuration  illustrated 
in  Fig.  1(b).  This  relaxation  is  caused  by  the  large  size  of 
the  Mg  atom  (covalent  radius  1.36  A)  which  squeezes  the 
H  out  of  the  BC||  position  to  the  OA[|  position,  where  H  is 
displaced  by  0.79  A  from  the  ideal  c-oriented  Mg-N  bond 
direction.  The  calculated  angle  between  the  N-H  bond  and 
the  c  axis  is  0  =  134®.  The  size  of  the  cation  as  the  main 
driving  force  for  the  off-axis  configuration  is  confirmed 
by  comparison  with  other  H-related  centers  in  GaN:  The 
small  size  of  Be  (covalent  radius  0.90  A)  allows  BCy  to 
remain  most  stable  [9],  while  in  pure  GaN  (Ga  covalenf 
radius  1.26  A),  only  a  very  slight  displacement  (<0.15  A) 
off  the  c  axis  occurs. 

Results  for  energy  differences  and  lattice  relaxations  for 
all  relevant  structures  are  listed  in  Table  I.  The  ABn,x  con¬ 
figuration  [illustrated  in  Figs.  1(a)  and  2(a)]  has  the  lowest 
energy  (which  we  set  to  zero  in  Table  I).  Next  higher  in 
energy  is  the  OAj|  configuration  [illustrated  in  Figs.  1(b) 
and  2(b)].  The  OAx  configuration,  which  is  the  off-axis 
version  of  BCx,  has  the  highest  energy.  Within  the  accu¬ 
racy  of  the  calculations,  ABn,x  and  OA||  have  essentially 
the  same  N-H  bond  length  and  very  similar  vibrational 
frequencies  for  the  stretch  mode  (3017  and  3034  cm“^). 
As  mentioned  above,  the  calculated  vibrational  frequen¬ 
cies  underestimate  the  real  value  by  about  75  cm“^ ;  adding 
this  correction  brings  the  value  for  OAjj  up  to  3109  cm“^ 
in  very  good  agreement  with  the  experimental  value  of 
3125  cm  While  the  vibrational  frequency  itself  does 
not  allow  us  to  distinguish  between  ABn,x  and  OA||,  the 
geometry  of  OA||,  with  the  angle  6  equal  to  134®,  is  in  ex¬ 
cellent  agreement  with  the  polarized-light  results  of  Cler- 
jaud  et  al  [4],  who  derived  d  =  130  ±  5°. 

OAii  thus  provides  the  best  match  to  experiment;  how¬ 
ever,  this  configuration  is  not  the  lowest-energy  structure, 
ABn,x  being  lower  in  energy  by  0.19  eV.  While  this  may 
seem  like  a  small  number,  equilibrium  occupation  of  the 
configurations  at  the  temperatures  of  interest  would  result 
in  the  lower-energy  configuration  being  overwhelmingly 
favored.  We  also  expect  sufficient  accuracy  (error  bar 
smaller  than  ±0.1  eV)  in  our  first-principles  determination 
of  this  energy  difference,  because  the  relevant  configura¬ 
tions  differ  only  in  the  particular  arrangement  of  the  atomic 

TABLE  I.  Calculated  energy  differences  AE  and  lattice  relax¬ 
ations  for  Mg-H  complexes  in  wurtzite  GaN,  for  various  lattice 
locations.  The  results  were  obtained  from  96-atom  supercell  cal¬ 
culations.  The  global  minimum  (ABn.x)  is  chosen  as  the  zero 
of  energy.  A^/Mg  denotes  the  displacement  of  the  Mg  atom  from 
its  nominal  lattice  site,  and  A<iN  denotes  the  displacement  of  the 
N  atom  to  which  H  is  bonded,  expressed  as  a  percentage  of  the 
bond  length,  ^/n-h  denotes  the  N-H  distance  in  A. 


Configuration 

^E  (eV) 

A^^Mg 

^N-H  (A) 

ABn,i 

0.00 

1.7% 

14.6% 

1.031 

OA|| 

0.19 

18.0% 

10.6% 

1.030 

ABmii 

0.28 

1.9% 

12.2% 

1.031 

0 

> 

i~ 

0.31 

10.9% 

10.4% 

1.038 
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FIG.  2.  Perspective  view  of  Mg-H  complexes  in  (a)  the  ABn,i 
and  (b)  the  OAp  configuration.  The  path  of  H  rotating  around 
the  crystal  axis  is  also  shown  in  (b).  The  directions  of  vibration 
for  stretching  (fj)  and  bending  modes  (^2.^3)  are  indicated 
by  arrows;  in  (b),  fs  is  replaced  by  the  azimuthal  angle  <p 
describing  the  rotational  motion  of  H. 


constituents.  In  addition,  various  checks  confirmed  the  ac¬ 
curacy  and  reliability,  including  calculations  using  explicit 
inclusion  of  Ga  'id  states  instead  of  the  nice.  Interestingly, 
we  obtained  the  same  relative  ordering  of  the  eneigies  in 
the  zinc-blende  structure,  indicating  that  the  overall  sym¬ 
metry  of  the  system  (hexagonal  vs  cubic)  does  not  affect 
this  result. 

Next  we  investigated  whether  extrinsic  effects  might 
affect  the  relative  stability  of  ABn,i  and  OA||.  The  ex¬ 
periments  of  Ref.  [4]  were  performed  on  films  grown  on 
sapphire,  and  it  is  well  known  that  such  layers  exhibit  com¬ 
pressive  stress  due  to  the  thermal  mismatch  between  GaN 
and  the  substrate.  We  therefore  calculated  the  energy  dif¬ 
ference  between  ABn  x  and  OA||  configurations  when  a 
1%  biaxial  compression  is  applied,  accompanied  by  an  ex¬ 
pansion  of  the  lattice  along  the  c  axis.  The  magnitude  of 
this  strain  is  far  larger  than  the  strains  typically  present  in 
epitaxial  layers,  which  are  closer  to  0.1%.  We  found  that 
the  presence  of  this  biaxial  strain  did  not  affect  the  energy 
difference  between  ABn^x  and  OA||. 

The  OA||  configuration  actually  does  exhibit  a  charac¬ 
teristic  that  distinguishes  it  from  ABn.i  :  a  low-energy  ex¬ 
citation  that  qualitatively  differs  from  the  stretching  and 
bending  modes  associated  with  the  N-H  bond.  Our  inves¬ 
tigations  indicate  that  it  costs  very  little  energy  to  move 
H  away  from  the  OA||  position,  maintaining  the  “polar” 
angle  6  with  the  c  axis  and  changing  the  azimuthal  angle 
<p  [see  Fig.  2(b)],  effectively  rotating  the  H  atom  around 
the  c  axis.  If  we  allow  complete  relaxation,  then  for  ev- 
ery  H  position  the  Mg  and  N  atoms  (as  well  as  other  host 
atoms)  would  assume  different  positions.  The  nature  of 
the  H  motion  actually  makes  it  more  likely  that  the  sur¬ 
rounding  (heavier)  atoms  will  remain  fixed,  setting  up  a 
potential  energy  surface  in  which  only  the  much  lighter  H 
atom  moves.  Either  way,  we  find  that  the  barrier  for  hy¬ 
drogen  rotation  is  on  the  order  of  0.03  eV. 

ITie  presence  of  such  a  low-frequency  excitation  raises 
the  possibility  of  a  large  entropy  contribution  to  the  free 
energy;  we  therefore  explicitly  calculate  the  free  energy  of 
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the  system.  Since  we  require  only  the  difference  between 
the  free  energies  of  two  distinct  configurations  of  the  Mg-H 
complex,  we  focus  on  those  vibrational  modes  that  are  ex¬ 
pected  to  be  distinctly  different  in  the  two  configurations, 
i.e.,  the  modes  directly  associated  with  the  H  atom.  For 
the  ABn^x  configuration,  we  need  to  consider  one  stretch¬ 
ing  and  two  bending  modes  [see  Fig.  2(a)].  The  calcu¬ 
lated  frequencies  are  3017,  1061,  and  1081  cm“'.  We 
express  the  free  energy  F  in  terms  of  the  partition  func¬ 
tion  Z:  F  =  —kTlaZ,  with 

^  =  1 1  X  (1) 

/=1  ni=0  \  fCl  / 

where  are  the  energy  eigenvalues  for  the  stretching 
(i  =  1)  and  bending  (i  =  2,3)  mode  oscillators.  Typi¬ 
cally,  the  harmonic  approximation  is  used,  in  which  E„.  = 
HcDiim  +  2)  and  the  sums  in  Eq.  (1)  can  be  evaluated  ana¬ 
lytically.  However,  since  anharmonic  contributions  are  im¬ 
portant  (evaluated  as  described  in  Ref.  [10]),  we  use  the 
full  numerical  expression.  The  three  terms  in  Eq.  (1)  give 
rise  to  free-energy  contributions  Fi,  F2,  and  F3,  which 
are  shown  in  Fig.  3(a).  The  finite  values  at  T  =  0  reflect 
zero-point  eneigies.  The  decrease  in  F,-  at  higher  T  is  due 
to  entropy,  which  is  larger  for  lower-frequency  modes. 

We  then  turn  to  evaluating  the  free  energy  for  OA||.  The 
stretching  mode  (^(,  at  3034  cm"*)  and  one  of  the  bend¬ 
ing  modes  at  1 162  cm"*)  are  very  similar  to  those  in 
ABn_x  [see  Fig.  2(b)].  The  third  excitation,  however,  is 
very  different  in  nature,  and  corresponds  to  hydrogen  ro¬ 
tating  around  the  c  axis,  described  by  the  azimnfhal  angle 
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PIG"  energies  as  a  function  of  temperature.  The  thin 

solid  lines  indicate  the  free  energy  associated  with  the  vibrational 
stretching  (Fi)  and  bending  (F2,3)  modes  of  Mg-H  complexes 
in  the  AB^.x  configuration;  the  dashed  lines  ^ply  to  the  OAm 
configuration,  where  F3  corresponds  to  the  rotational  mode.  The 
free-eneigy  difference  AF  is  shown  as  the  thick  solid  line;  it 
is  almost  entirely  due  to  the  difference  between  F3  and  F3. 
(b)  Energy  levels  for  the  nearly  free  rotor  in  the  OA||  configu¬ 
ration  of  the  Mg-H  complex,  calculated  using  an  energy  barrier 
Eb(p  ~  32  meV  and  a  radius  a  =  0.79  A.  The  dashed  line  is  a 
perfect  parabola,  reflecting  the  solutions  for  a  free  rotor. 
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(p.  The  potential  energy  in  which  the  hydrogen  moves 
shows  some  corrugation.  The  barrier  for  hydrogen  rota¬ 
tion,  when  constraining  the  neighboring  Mg  and  N  atoms 
on  the  c  axis,  is  calculated  by  determining  the  structure  of 
the  complex  for  an  intermediate  position  of  the  hydrogen 
(corresponding  to  ^  =  30”),  and  then  fixing  the  Mg  and 
host  atoms  in  these  positions  and  evaluating  the  energy  as  a 
function  of  the  hydrogen  coordinate.  This  yields  a  barrier 
of  32  meV.  This  value  is  not  very  sensitive  to  the  detailed 
positions  of  the  Mg  and  N  atoms,  which  allow  us  to  avoid 
the  issue  of  coupling  between  the  rotational  motion  and 

the  other-degrees-of  freedom.  - 

Because  the  H  atom  sees  a  weak  corrugation  potential 
associated  with  the  azimuthal  angle  (p,  we  can  treat  it  dy¬ 
namically  as  a  nearly  free  rotor.  The  threefold  symmetry 
^ound  thee  axis  leads  to  V^(^o  -f  120°)  =  allow¬ 
ing  us  to  approximate  the  potential  energy  as  V^(^)  = 
Eb ^(cos3<p  -f  l)/2,  where  is  the  calculated  barrier. 
The  <D-dependent  part  of  the  Schrodinger  equation  can  be 
written  as 


HYicp) 


=  [- 


2mna^  d(p‘^ 


+  V^iep) 


Y{cp)  =  EYi<p), 

(2) 


where  a  is  the  radius  of  the  circular  orbit  [see  Fig.  2(b)]. 
We  have  solved  this  equation  using  a  plane-wave  basis 
set  [13]: 


y(^)  = 


^  exp(im^) 


(3) 


Including  51  plane  waves  (m  =  -25  to  m  =  25,  corre¬ 
sponding  to  energy  levels  up  to  about  1  eV)  suffices  to 
converge  the  partition  function.  After  diagonalizing  the 
Hamiltonian  matrix  H  we  obtain  the  energy  levels  shown 
in  Fig.  3(b).  Note  that  the  eigenvalues  are  very  close  to 
the  parabola  that  would  be  obtained  in  the  case  of  a  free 
rotor,  where  E„  =  {h?/2mHa^W  =  (0.0033  eV)^!^. 

Figure  3(a)  shows  that  the  free  energy  corresponding 
to  the  nearly  free  rotor,  F3,  exhibits  a  large  temperature 
dependence,  reflecting  the  large  entropy  associated  with 
this  low-energy  excitation.  Figure  3(a)  also  shows  the  free- 
energy  difference  AF  =  F'  -  F  between  the  OA||  and 
the  ABn.x  configurations;  F3  obviously  makes  the  largest 
contribution  to  AF.  We  see  that  AF  equals  —0.19  eV 
(the  energy  difference  between  OA||  and  ABn,x)  at  around 
T  =  900  K  or  627  °C.  At  higher  temperatures,  the  OA|| 
configuration  will  be  stabilized.  In  the  experiments  of 
Ref.  [4]  the  hydrogen  was  introduced  during  metal-organic 
chemical  vapor  deposition  at  1000  °C,  a  temperature  high 
enough  to  favor  the  OA||  configuration. 

An  intriguing  consequence  of  our  results  is  that,  given 
the  small  value  of  the  barrier  the  hydrogen  will 
tend  to  be  quantum-mechanically  delocalized.  Indeed, 


in  the  limit  of  a  free  rotor  (E/,^  —  0),  hydrogen  would 
exhibit  equal  probability  to  occur  at  any  value  of  the  azi¬ 
muthal  coordinate  (p  even  at  T  =  0.  Whether  or  not  this 
delocalization  as  a  function  of  (p  occurs  at  the  low 
temperatures  (5  K)  of  the  experiment  in  Ref.  [4]  is  a  ques¬ 
tion  we  feel  cannot  be  answered  without  a  full  quantum- 
mechanical  treatment  of  the  hydrogen  motion.  However, 
we  have  checked  that  the  procedure  used  in  Ref.  [4]  to 
arrive  at  the  bond  angle  $  =  130°  is  equally  valid  even 
if  H  has  equal  probability  of  occurring  at  any  angle  cp. 
_The  .presence_Qf_rotational  excitations-Avith -an-energ-y-en  - 


tlie  Older  of  a  few  meV  could  lead  to  broadening  of  the 
observed  vibrational  line  (1  meV  «  8  cm"*).  Substantial 
broadening  was  indeed  observed  in  the  spectra  reported 
in  Ref.  [4]. 

In  summary,  we  have  presented  a  model  for  the  structure 
of  the  Mg-H  complex  in  GaN  that  agrees  with  the  unusual 
bond  angle  that  has  been  experimentally  observed  [4].  The 
structure  exhibits  a  set  of  low-energy  excitations,  consist¬ 
ing  of  a  nearly  free  rotor  with  a  very  small  barrier  for  ro¬ 
tation.  The  entropy  associated  with  this  motion  plays  an 
essential  role  in  stabilizing  the  complex.  Our  work  high¬ 
lights  the  importance  of  taking  finite-temperature  free- 
energy  effects  into  account  when  assessing  the  relative 
stability  of  various  possible  configurations  of  a  defect,  im¬ 
purity,  or  complex. 
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We  discuss  the  derivation  and  interpretation  of  a  generalized  surface  phase  diagram,  based  on  first- 
principles  density-functional  calculations.  Applying  the  approach  to  hydrogenated  GaN  surfaces,  we  find 
that  the  Gibbs  free  eneigies  of  relevant  reconstructions  strongly  depend  on  temperature  and  pressure. 
Choosing  chemical  potentials  as  variables  results  in  a  phase  diagram  that  provides  immediate  insight' 
into  the  relative  stability  of  different  stmctures.  A  comparison  with  recent  experiments  illustrates  the 
power  of  the  approach  for  interpreting  and  predicting  energetic  and  structural  properties  of  surfaces  under 
realistic  growA  conditions. 
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A  detailed  understanding  of  semiconductor  surface  re¬ 
constructions  is  essential  for  controlling  growth  and  ma¬ 
terials  properties.  In  the  case  of  GaN,  where  materials 
quality  is  still  limiting  device  progress,  the  investigations 
until  now  have  focused  on  reconstructions  of  bare  GaN 
surfaces  [1].  The  present  study  focuses  on  the  role  of  hy¬ 
drogen  (H),  which  is  important  because  H  is  abundantly 
present  in  the  most  commonly  used  growth  techniques  for 
nitride  semiconductors,  including  metal-oiganic  chemical 
vapor  deposition  (MOCVD),  hydride  vapor-phase  epitaxy 
(HVPE),  and  molecular-beam  epitaxy  (MBE)  when  NH3 
is  used  as  the  nitrogen  source. 

We  have  therefore  performed  detailed  investigations  of 
H  interactions  with  GaN  surfaces  based  on  state-of-the-art 
pseudopotential-density-functional  calculations.  We  focus 
on  the  technologically  most  relevant  GaN(0001)  surface, 
which  is  the  polarity  observed  during  MOCVD  of  GaN 
on  sapphire  as  well  as  MBE  on  Si-face  SiC.  Since  we 
are  particularly  interested  in  consequences  for  growth,  it  is 
essential  to  take  finite  temperature  effects  into  account,  re¬ 
quiring  the  calculation  of  free  energies.  This  distinguishes 
our  approach  from  previous  work  in  which  only  zero- 
temperature  energies  were  calculated,  and  then  only  for 
a  small  number  of  structures  [2-4].  We  will  show  that 
the  energetic  and  structural  features  of  the  surface  re¬ 
constructions  dramatically  depend  on  temperature  (J)  and 
pressure  (p). 

In  thermochemistry,  the  Gibbs  free  energy  G  is  usu¬ 
ally  expressed  as  a  function  of  T  and  parti^  pressures. 
An  alternative  approach  is  to  use  chemical  potentials  p, 
as  variables  and  to  express  G  as  a  function  of  p,T,  and 
all  independent  p's.  For  the  system  at  hand,  the  Gibbs’ 
Phase  Rule  produces  four  degrees  of  freedom,  resulting 
in  a  four-dimensional  phase  space  that  is  difficult  to  ana¬ 
lyze  or  visualize.  Our  detailed  analysis  will  show  that  the 
explicit  dependence  on  p  and  J  is  small  and  can  be  ne¬ 
glected.  The  surface  energy  can  then  be  expressed  solely 
as  a  function  of  the  chemical  potentials  po^  and  /i.h> 
while  the  p  and  T  dependence  is  implicit.  The  advan- 
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tage  of  this  methodology  is  its  physically  intuitive  char¬ 
acter.  Comparison  with  experiment  requires  only  that  the 
chemical  potentials  be  evduated  as  a  function  of  T  and 
partial  pressures.  The  power  of  this  approach  will  become 
evident  when  we  use  it  to  interpret  the  recent  in  situ  ob¬ 
servations  of  surface  reconstructions  based  on  grazing  in¬ 
cidence  x-ray  scattering  by  Munkholm  et  al.  [5].  We  will 
show  that  their  measured  transition  between  two  recon¬ 
structions  coincides  with  a  specific  boundary  in  our  phase 
diagram,  offering  direct  information  about  the  nature  of  the 
observed  structures. 

Our  first-principles  approach  is  based  on  density- 
functional  theory  in  the  local-density  approximation 
(LDA)  [6],  using  ab  initio  pseudopotentials  [7].  Test  cal¬ 
culations  using  the  generalized  gradient  approximation 
produced  results  in  close  agreement  with  LDA.  The 
Ga  3d  states  are  explicitly  included  as  valence  states, 
requiring  a  70  Ry  plane-wave  cutoff.  We  use  a  slab 
geometry,  consisting  of  at  least  four  double  layers  of  GaN 
plus  at  least  7  A  of  vacuum.  The  lower  surface  of  the 
slab  is  passivated  with  fractionally  charged  H,  and  the 
positions  of  all  atoms  in  the  lower  half  of  the  slab  are 
kept  fixed.  Convergence  tests  indicated  that  these  choices 
allow  us  to  determine  energy  differences  with  an  accuracy 
of  better  than  0.05  eV. 

We  choose  the  ideal,  bare  1  X  1  surface  (relaxed  but 
unreconstructed)  as  our  reference,  and  define  the  Gibbs 
free  energy  of  formation  AG-^  as  follows: 

^Gf  =  Etot[GaN(0001)]  -  £:tot[GaN(0001),  ideal] 

+  AFvib  -  nOa/iQa  “  "NMN  “  «H/iH  •  (1) 

£([GaN(0001)]  is  the  calculated  total  energy  for  the 
surface  under  study,  and  Ftot[GaN(0001),  ideal]  is  the 
total  energy  of  our  reference  system.  «Ga(N,H)  is  the  num¬ 
ber  of  Ga(N,H)  atoms  added  to  the  unit  cell  (positive 
or  negative).  AFvib  includes  vibrational  contributions 
to  the  free  energy  and  is  discussed  below,  poa  and  pa 
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are  the  chemical  potentials  of  Ga  and  N,  i.e.,  the  free 
energies  of  the  reservoirs  with  which  Ga  and  N  atoms  are 
exchanged.  Invoking  equilibrium  with  GaN  [8]  leaves  us 
with  a  single  parameter  to  describe  the  stoicWometry,  for 
which  we  choose  /ioa-  Aca  varies  over  the  thermodynami¬ 
cally  allowed  range:  /iGa[buik]  +  A///[GaN]  <  /ica  < 
/iGa[buik],  the  upper  limit  corresponding  to  Ga-rich 
conditions,  the  lower  limit  to  N-rich  (/4n  =  MNlNa]). 
A/^/[GaN]  is  the  enthalpy  of  formation  (negative  for  a 
stable  compound).  Our  calculated  value  for  A//y[GaN]  is 
-1.24  eV  (experiment:  -1.17  eV,  Ref.  [9]).  mh.  finally, 
is  the  free  energy  of  H2  and  describes  the  abundan^oF 
H  in  the  environment. 

Figure  1(a)  shows  our  calculated  formation  energies 
as  a  function  of  /xoa  at  T  =  0.  In  total,  we  examined 
over  30  different  structures;  Fig.  1  includes  only  those 
reconstructions  (schematically  illustrated  in  Fig.  2)  that 
were  found  to  be  energetically  favorable  in  some  part 
of  the  phase  space  spanned  by  the  chemical  poten¬ 
tials.  In  the  absence  of  H,  we  reproduce  the  results  for 
bare  GaN(0001)  surfaces  reported  in  Ref.  [1];  specif¬ 
ically,  under  moderately  Ga-rich  conditions  the  most 
favorable  reconstruction  is  the  Ga  adatom  in  a  74  po¬ 
sition  (i.e.,  above  a  second-layer  N  atom),  while  under 
N-rich  conditions  the  N  adatom  in  the  H?>  position 
(i.e.,  the  “hollow  site”  above  the  hexagonal  channel)  is 
most  stable.  Under  extreme  Ga-rich  conditions,  a  Ga- 
bilayer  reconstruction  is  energetically  most  favorable  [10]. 

Although  we  made  no  a  priori  assumptions,  we  find 
a  posteriori  that  the  lowest-energy  structures  all  obey 
electron  counting  [11]:  any  N  dangling  bonds  (dbs)  that 
remain  on  the  surface  after  formation  of  N-H  or  Ga-H 
bonds  are  filled  with  two  electrons,  while  Ga  dangling 
bonds  are  empty.  We  actually  examined  many  structures 
with  1  X  1  and  yfi  X  %/3  periodicity,  in  addition  to  the 
2X2  structures  reported  in  Fig.  1.  Only  the  2  X  2 
structures  were  energetically  favorable,  consistent  with 
the  easily  derived  result  that  the  electron  counting  rule 
can  be  satisfied  for  tetrahedral  coordination  only  if  the 
unit  cell  contains  a  multiple  of  four  surface  atoms. 

Figure  1(a)  shows  that  at  T  =  0  hydrogenated  surfaces 
with  a  large  number  of  N-H  bonds  have  significantly  lower 
energies  than  the  bare  surfaces.  This  is  consistent  with 
the  notion  that  N-H  bond  formation  is  favorable  due  to 
the  large  bond  strength.  In  particular,  the  NH3  +  3NH2 
structure  is  favored  over  almost  the  entire  range  of  /ica; 
this  structure  is  formed  by  adding  one  NH3  and  three 
NH2  molecules  in  on-top  positions  (see  Fig.  2).  Alterna¬ 
tively,  one  can  think  of  this  structure  as  a  N-terminated 
GaN((X)01)  structure,  with  9  of  the  12  N  dbs  passivated  by 
H;  this  number  of  H  atoms  allows  for  the  electron  count¬ 
ing  rule  to  be  satisfied.  Under  extreme  Ga-rich  conditions, 
the  NH3  +  3Ga-H  structure  is  favorable;  here,  one  NH3 
unit  sits  on  top  of  one  of  the  Ga  surface  atoms,  and  Ga-H 
bonds  are  formed  at  the  other  three  Ga  atoms  in  the  cell. 
This  structure  is  very  close  in  energy  to  a  stoichiometri- 
cally  equivalent  structure,  namely,  Voa  +  6H,  which  con- 
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FIG.  1 .  Calculated  formation  energies  for  GaN(0001 )  surfaces, 
as  defined  in  Eq.  (1),  as  a  function  of  p.Q^.  All  structures  (except 
G^biiayer)  have  2X2  periodicity,  but  energies  are  expressed  in 
eV  per  1X1  cell.  Dashed  lines  indicate  hydrogen-free  surfaces, 
(a)  7  =  0;  (b)  7  =  1300  K,  p{li2)  =  1  atm.  Note  the  very 
different  energy  scale  in  the  two  plots. 


sists  of  a  Ga  vacancy  in  which  all  three  N  dbs  are  saturated 
with  H,  plus  three  Ga-H  bonds. 

If  we  limited  our  investigation  to  the  7  =  0  results  de¬ 
picted  in  Fig.  1(a),  we  would  conclude  that  the  NH3  + 
3NH2  structure,  which  includes  the  largest  number  of  N-H 
bonds,  is  dominant  on  the  hydrogenated  GaN(OOOl)  sur¬ 
face.  We  will  see,  however,  that  this  conclusion  is  not  valid 
at  higher  temperatures  if  finite-temperature  effects  are  in¬ 
corporated  in  the  formation  energy  defined  in  Eq.  (1).  The 
temperature  dependence  arises  from  vibrational  contribu¬ 
tions  to  the  energy  and  entropy,  and  can,  in  principle,  be 
evaluated  entirely  from  first  principles  based  on  a  calcula¬ 
tion  of  the  vibrational  spectrum.  Inspection  of  the  vibra¬ 
tional  modes  calculated  for  a  subset  of  structures  reveals, 
however,  that  AFvib  in  Eq.  (1)  can  be  calculated  by  as¬ 
suming  specific  frequencies  for  the  vibrational  modes  of 
the  bonds  that  participate  in  these  surface  reconstructions 
[12].  Assuming  that  vibrational  frequencies  do  not  change 
by  more  than  ±1(X)  cm"'  due  to  changes  in  the  environ¬ 
ment,  we  obtain  a  conservative  error  bar  of  less  than  0. 1  eV 


NH3+3NH2 


»  .X 

'•'NHj+SGa-H 


N,d-H+Ga-H 


FIG.  2.  Schematic  top  view  of  prevalent  2X2  reconstructions 
for  GaN(OOOl)  surfaces.  Large  open  circles  represent  Ga  atoms, 
solid  circles  N,  and  small  open  circles  H. 
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on  the  free  energies  calculated  using  this  approximation. 
The  temperature  (and  pressure)  dependence  of  the  reser¬ 
voirs  has  also  been  included  in  Eq.  (1);  this  is  particularly 
important  for  gaseous  species,  e.g.,  for  hydrogen: 


2/iH  —  £h2  + 


(2) 


where  Ehj  is  the  energy  of  an  H2  molecule,  k  is  the 
Boltzmann  constant,  T  is  the  temperature,  and  p  is  the 
pressure.  Vq  =  flirmkTY^^  is  the  quantum  volume, 
and  Zrot  and  Zvib  are  the  rotational  and  vibrational  parti- 
tioii  fuiicdoilt).  The  lemperaiure  dependence  ot  /in  tor  two 
different  pressures  is  shown  in  Fig.  3(b). 

Figure  1(b)  shows  the  formation  energies  calculated  at 
T  =  1300  K  (a  typical  MOCVD  growth  temperature)  and 
pOii)  ~  1  atm.  Not  only  are  the  energetically  favored  re¬ 
constructions  entirely  different  from  those  at  7  =  0,  but 
the  energy  difference  between  hydrogenated  and  bare  sur¬ 
faces  has  been  dramatically  reduced.  While  at  a  low 
temperature  several  eV  could  be  gained  by  forming  N-H 
bonds,  at  a  high  temperature  the  energy  difference  between 
hydrogenated  and  bare  surfaces  has  been  reduced  to  less 
than  0.3  eV — with  the  H-free  Gaad  and  Gabuayer  structures 
actually  being  favored  under  Ga-rich  conditions.  The  main 
reason  for  this  dramatic  difference  is  the  large  change  in 
the  value  of  /th.  i-C-,  the  free  energy  of  the  reservoir  with 
which  H  atoms  are  exchanged:  at  1300  K  /tn  is  about 
1  eV  lower  than  at  7  =  0  [Eq.  (2)  and  Fig.  3(b)].  A  lower 
value  of  /i,H  means  that  less  energy  can  be  gained  by  tak¬ 
ing  a  H  atom  out  of  the  reservoir  and  binding  it  to  the  GaN 


^  ^  ^ - : - ,  I - ^ - H - rJ 

•1.2  -1.0  -0.8  -0.6  -0.4  -0.2  0.00  500  10001500 
(eV)  Temperature  (K) 


HG.  3.  (a)  Phase  diagram  for  the  GaN(OOOl)  surface  in  the 
presence  of  H,  as  a  function  of  poa  and  ph-  Ph  =  0  cor¬ 
responds  to  H2  molecules  at  7  =  0;  pca  =  0  corresponds  to 
bulk  Ga.  Dots  indicate  experimental  data  from  Ref.  [5];  within 
the  error  bars,  these  data  agree  with  the  calculated  NH3  + 
3Ga-H/3Ga-H  phase  boundary  highlighted  by  the  thicker  line. 
Note  that  the  Voa  +  6H  structure  is  stoichiometrically  and  ener¬ 
getically  equivalent  to  NH3  -h  3Ga-H.  (b)  Temperature  depen¬ 
dence  of  flu  for  two  different  pressures  [Eq.  (2)]. 


066103-3 


surface.  The  vibrational  contributions  to  the  free  energy 
included  in  AFvib  are  significantly  smaller,  on  the  order  of 
0.1  eV  at  7  =  1300  K. 

Changes  in  7  (and  p)  clearly  have  dramatic  effects  on 
the  relative  stability  of  different  structures.  As  mentioned 
in  the  introduction,  a  traditional  phase  diagram  would  re¬ 
flect  four  degrees  of  freedom,  based  on  AG-^(p,7,pGa. 
Ph)-  The  four-dimensional  nature  of  the  diagram  presents 
a  serious  obstacle  to  straightfoward  interpretation  of  the 
first-principles  results.  We  now  show  that  the  number  of 
degrees  of  freedom  can  be  reduced  to  two  if  we  choose 
the  chemical  potentials  as  variables,  as  shown  in  Fig.  3(a). ' 
The  diagram  shown  here  was  calculated  at  7  =  950  K 
(in  order  to  facilitate  the  comparison  with  experiment  dis¬ 
cussed  below),  but  the  key  point  is  that  the  important 
qualitative  features  of  the  diagram  are  independent  of  tem¬ 
perature  and  pressure.  Small  quantitative  shifts  in  the  po¬ 
sitions  of  the  boundaries  do  occur,  but  these  amount  to 
only  about  0.1  eV  along  either  yuH  or  /ioa-  Obviously,  to 
obtain  rigorous  numbers  one  can  refer  back  to  Eq.  (1)  and 
take  the  detailed  7  and  p  dependence  into  account — but 
important  qualitative  insights  can  reliably  be  obtained  from 
Fig.  3(a),  even  at  temperatures  significantly  different  from 
7  =  950  K. 

The  reasons  why  the  number  of  degrees  of  freedom  can 
be  reduced  from  four  to  two  are  as  follows.  First,  for  the 
system  at  hand  the  total  pressure  plays  a  negligible  role. 
As  already  implied  in  Eq.  (1),  the  pAV  term  can  be  safely 
neglected  in  the  free  energy  for  the  surface.  In  addition, 
the  chemical  potentials  depend  only  on  the  respective 
partial  pressures.  Dropping  the  temperature  as  an  explicit 
degree  of  freedom  is  based  on  flie  more  approximate 
argument  that  the  vibrational  free  energy  contributions 
to  AG  are  small,  and  exhibit  significant  cancellation 
when  comparing  AG  for  different  reconstructions;  the  net 
effect  of  temperature  on  the  phase  boundaries  is  therefore 
quite  small.  We  can  thus  write  AG'^(p,7,pGa.PH) 
^G^[F'Ga(PGa.T),/r,H(pH.T)].  The  remaining  two 
variables,  /tGa  and  /Uh.  are  of  course  functions  of  7  and 
p,  but  otherwise  the  phase  diagram  exhibits  no  explicit 
T  or  p  dependence.  We  suggest  that  this  approach  is 
quite  general  in  nature.  Hydrogenated  GaN  is  actually 
a  fairly  extreme  case,  with  both  very  high  frequencies 
(N-H  bonds,  contributing  to  sizable  vibrational  energies) 
and  very  low  frequencies  (torsion  modes,  contributing  to 
sizeable  vibrational  entropies).  The  success  of  the  ap¬ 
proach  for  this  extreme  case  indicates  it  could  be  usefully 
applied  to  other  systems  as  well. 

We  now  discuss  how  Fig.  3  can  be  used  to  relate  surface 
structures  to  experimental  growth  conditions.  At  the 
bottom  of  the  diagram  (low  /uh)  we  find  the  structures 
that  dominate  when  little  or  no  H  is  present.  At  the  top 
of  the  diagram  (/4h  =  0),  we  find  the  structures  that 
were  stable  at  7  =  0  [see  Fig.  1(a)].  A  horizontal  line 
at  =  -0.98  eV  would  cut  through  the  structures  that 
were  found  to  be  stable  at  1300  K  and  p(H2)  =  1  atm 
[Fig.  1(b)].  The  temperature  dependence  of  fin  is  shown 
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in  Fig.  3(b),  for  two  different  pressures.  Figure  3  makes 
it  straightforward  to  investigate  which  structures  would 
be  stabilized  by  raising  or  lowering  the  pressure  or 
the  temperature. 

Munkholm  et  al.  [5],  performed  in  situ  grazing  in¬ 
cidence  x-ray  scattering  on  GaN(OOOl)  surfaces  in  an 
MOCVD  environment.  Starting  from  2-/tm-thick  GaN 
films  grown  on  sapphire,  they  grew  a  30-nm-thick  layer 
at  1000  °C,  on  which  they  then  performed  their  search  for 
surface  reconstructions.  During  this  search,  the  sample 
was  held  at  temperatures  up  to  1000  “C,  and  pCNHa) 
v.arie.d  between  2  and  l^ib'TCTnTTTi'eTIoi^fate  of  th^ 
NHs /carrier  gas  mixture  was  kept  constant,  with  a  total 
pressure  of  200  Torr.  Results  obtained  with  N2  as  the 
carrier  gas  were  very  similar  to  those  obtained  for  H2. 

At  high  temperatures,  only  a  1  X  1  reconstruction  was 
observed.  At  lower  temperatures  and  sufficiently  low  NH3 
pressures,  a  different  reconstruction  was  seen,  which  was 
identified  as  (Vs  X  2-\/3  )/?30°.  The  transition  between 
the  two  reconstructions  was  mapped  out  as  a  function 
of  T  and  />(NH3).  From  the  temperature  dependence  of 
/>(NH3)  at  the  transition,  an  apparent  activation  energy  of 
3.0  ±  0.2  eV  was  extracted.  We  now  show  that  this  ex¬ 
perimentally  established  activation  energy  can  be  directly 
correlated  with  the  energy  difference  between  two  surface 
reconstructions. 

The  experimental  observation  that  the  phase  boundary 
is  insensitive  to  whether  H2  or  N2  is  used  as  the  car¬ 
rier  gas  indicates  that  the  transformation  between  the  two 
observed  phases  occurs  purely  through  equilibration  with 
NH3.  The  equilibrium  expression  +  3 fin  =  /znh, 
then  immediately  fixes  the  slope  of  the  phase  boundary^ 
already  severely  restricting  the  reconstructions  that  could 
be  involved  in  the  experimental  transition.  The  position 
of  the  boundary  is  further  determined  by  using  the  ac¬ 
tual  value  ^NH,  =  “2.28  ±  0.2  eV  along  the  experimen¬ 
tal  phase  boundary  (referenced  to  the  energy  of  the  NH3 
molecule),  and  has  been  included  in  Fig.  3(a).  The  end 
points  correspond  to  the  temperatures  and  pressures  at  the 
limits  of  the  range  explored  in  Ref.  [5],  assuming  H2  as 
the  carrier  gas.  Within  the  experimental  [5]  and  com¬ 
putational  uncertainty,  we  find  good  agreement  with  the 
calculated  NH3  +  3Ga-H/3Ga-H  phase  boundary,  includ¬ 
ing  the  fact  that  at  temperatures  above  those  reported  in 
Ref.  [5]  this  particular  phase  boundary  should  disappear 
because  another  reconstruction  (Nad-H  +  Ga-H)  becomes 
more  favorable. 

The  experimental  observations  are  therefore  consistent 
with  a  transition  between  two  structures  that  differ  only 
in  the  addition /subtraction  of  one  NH3  unit  in  the  sur¬ 
face  unit  cell.  The  3Ga-H  structure  (corresponding  to 
a  3/4  monolayer  coverage  of  H)  is  expected  to  exhibit 
1  X  1  symmetry,  since  the  experiment  is  not  sensitive  to 
H  atoms  [5];  in  addition,  disorder  (due  to  different  H  po¬ 
sitions  in  each  2X2  cell)  would  reduce  the  symmetry  to 
1  X  1.  As  for  the  other  reconstruction,  we  suggest  it  is 


unlikely  that  it  would  indeed  exhibit  a  (V3  X  2-s/3)R30° 
symmetry,  as  proposed  in  Ref.  [5],  since  such  a  unit  cell 
would  not  contain  a  multiple  of  four  atoms  and  therefore 
would  be  energetically  highly  unfavorable,  according  to 
our  first-principles  results.  The  reconstruction  peaks  ob¬ 
served  in  Ref.  [5]  in  fact  exhibited  (275  X  273)R30° 
symmetry,  and  the  reduction  to  (75  X  275)/?30“  was 
based  on  a  fit.  A  (275  X  275  )/?30'’  reconstruction  could 
be  constructed  out  of  2  X  2  motifs,  with  interactions  be¬ 
tween  the  adspecies  in  neighboring  2X2  units  stabi- 
lizing  the  structure.  Explicit  investigations  of  structures 
witii  12  atoms  in  the  surface“unit  cell  are  beyond  the 
scope  of  the  present  investigations,  but  we  suggest  that  the 
NH3  +  3Ga-H  structure  (and/or  the  Voa  +  6H  structure, 
which  is  stoichiometrically  and  energetically  equivalent)  is 
a  basic  building  block  of  the  larger  reconstruction. 

In  summary,  we  have  outlined  a  computational  approach 
for  obtaining  phase  diagrams  for  systems  consisting  of  an 
impurity-covered  surface  in  thermodynamic  contact  with 
a  gaseous  environment,  as  characteristic  of  MOCVD  or 
HVPE.  The  approach  gives  immediate  access  to  the  atomic 
structure  and  phase  transitions  of  surfaces  under  realis¬ 
tic  growth  conditions,  as  illustrated  with  the  important 
example  of  hydrogenated  GaN  surfaces.  The  methodology 
can  be  easily  generalized  to  surface  alloying  or  oxidation. 
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We  have  systematically  studied  the  electronic  structure  and  stability  of  hydrogen  in  AIN,  GaN,  and 
InN,  based  on  first-principles  calculations.  In  GaN  and  AIN,  H  is  amphoteric  and  always  compen¬ 
sates  the  prevailing  conductivity:  in  GaN,  IV’  is  stable  for  Fermi  levels  below  2.2  eV,  and  in  AIN, 
H'*'  is  stable  for  Ef  below  2.5  eV.  In  InN,  we  find  that  H'*'  is  stable  for  all  Fermi  level  positions; 
i,e.,  H  behaves  exclusively  as  a  donor.  Consequences  for  controlling  the  conductivity  of  InN  are 
discussed. 

Introduction  Hydrogen  is  a  common  impurity  in  Ill-nitrides  since  it  is  abundantly  pre¬ 
sent  in  the  growth  environment  of  many  techniques  used  to  grow  nitrides.  It  is  now 
weU  known  that  H  passivates  acceptors  during  growth  of  p-type  GaN,  necessitating  a 
post-growth  anneal  to  activate  the  acceptors,  for  a  review,  see  [1].  The  behavior  of  H  in 
GaN  has  previously  been  addressed  with  first-principles  calculations,  producing  detailed 
information  about  the  stability  and  microscopic  structure  of  different  charge  states  [2], 
Device  applications  of  nitrides,  however,  almost  always  involve  alloying  with  AIN  an^ 
or  InN.  Knowledge  of  the  behavior  of  H  in  these  other  compounds  is  therefore  essen¬ 
tial.  In  this  work,  we  systematically  study  the  behavior  of  H  in  the  three  nitride  com¬ 
pounds.  The  behavior  in  AIN  turns  out  to  be  qualitatively  similar  to  GaN:  H  is  ampho¬ 
teric  and  always  compensates  the  prevailing  conductivity.  Hydrogen  thus  behaves  as  a 
donor  in  p-type  GaN  or  AIN,  and  as  an  acceptor  in  n-type  material.  InN,  however, 
exhibits  a  totally  different  behavior,  with  H  acting  exclusively  as  a  donor. 

Ihe  tendency  for  H  to  act  as  a  donor  in  p-type  material  forms  the  driving  force  for 
passivation  of  acceptors.  Vibrational  spectroscopy  of  acceptor-hydrogen  complexes  pro¬ 
vides  a  powerful  way  of  monitoring  the  presence  of  H  and  the  degree  of  acceptor 
activation  [3].  A  comparison  with  first-principles  calculations  then  allows  for  an  unam¬ 
biguous  identification  of  the  nature  and  microscopic  structure  of  the  complex.  We  have 
recently  performed  a  comprehensive  investigation  of  structures  and  vibrational  proper¬ 
ties  of  acceptor-hydrogen  complexes  in  GaN,  taking  proper  accoimt  of  anharmonic 
effects  (which  are  large).  The  results,  including  a  novel  configuration  for  the  Mg-H 
complex,  are  discussed  elsewhere  [4].  In  this  paper,  we  focus  on  the  behavior  of  H  as 
an  isolated  interstitial  impurity. 

Methods  Our  calculations  are  based  on  density-functional  theory  within  the  local  den¬ 
sity  approximation,  using  ab  initio  pseudopotentials  with  a  plane-wave  basis  set  [5].  For 
GaN  and  InN  we  use  the  so-called  “non-linear  core  correction”  (nice)  [6],  with  an 
energy  cutoff  of  40  Ry.  Explicit  inclusion  of  the  Ga  3d,  and  In  4d  electrons  leads  to 
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very  similar  results  for  the  configurations  studied  here,  as  reported  in  Ref  [7].  In  this 
study  we  focus  on  the  zinc-blende  phase  of  the  Ill-nitrides;  results  for  the  wurtzite 
phase  (which  differs  in  local  environment  only  beyond  third  nearest  neighbors)  are 
expected  to  be  very  similar.  Our  calculations  are  performed  at  the  theoretical  lattice 
constants:  4.30  A  for  AIN,  4.38  A  for  GaN,  and  5.10  A  for  InN.  These  are  in  satisfactory 
agreement  with  the  experimental  values  of  4.40,  4.50,  and  5,T)0~A 
band  gaps  are  3.03  eV  for  GaN,  —0.23  eV  for  InN,  and  4.60  eV  (direct)  and  3.26  eV 
(indirect)  for  AIN.  As  usual  for  density-functional  calculations,  these  values  underesti¬ 
mate  the  actual  gaps:  3.2  eV  for  GaN  [8],  1.8  eV  for  InN  (based  on  the  calculated 
difference  between  the  zinc-blende  and  wurtzite  gaps  [9]),  and  5.0  eV  for  AIN  (indirect 
gap  from  quasiparticle  calculations  [10]).  The  band-gap  problem  should  not  affect  our 
conclusions,  provided  care  is  taken  in  the  interpretation  of  the  results,  as  discussed 
below.  For  the  impurity  calculations  we  used  supercells  containing  32  and  64  atoms, 
with  at  least  24  host  atoms  relaxed.  Brillouin-zone  integration  was  carried  out  with  a 
2x2x2  mesh  in  the  reciprocal  unit  cell,  reduced  by  symmetry  to  a  set  of  two  irreduci¬ 
ble  k  points. 

The  formation  energy  Ef  determines  the  concentration  c  of  an  impurity  through  the 
expression:  c  =  AsUes  exp  {-Ef/kT),  Asites  is  the  number  of  sites  in  the  lattice  (per  unit 
volume)  on  which  the  impurity  can  be  incorporated,  k  is  the  Boltzmann  constant,  and 
T  is  the  temperature.  The  formation  energy  of  an  interstitial  H  atom  in  charge  state  q 
is  defined  as 

(H")  =  £tot(H9)  -  £toi(bulk)  -n^  +  qE^,  (1) 

where  £'tot(H^)  is  the  total  energy  of  at  a  specific  interstitial  site,  Etoi  (bulk)  is  the 
total  energy  of  a  bulk  supercell  of  the  same  dimensions  as  the  one  used  to  perform  the 
impurity  calculations,  and  the  energy  of  the  hydrogen  reservoir,  i.e.,  the  H  chemi¬ 
cal  potential.  For  purposes  of  displaying  our  results  we  choose  to  be  the  energy  of 
an  H2  molecule  at  T  =  0.  No  zero-point  energies  are  included.  is  the  Fermi  level. 
For  more  information  and  calculational  details  we  refer  to  Refs.  [5]  and  [11]. 

Hydrogen  in  GaN  Our  calculations  here  duplicate  those  published  in  Ret  [2];  they 
were  carried  out  to  ensure  consistency  when  comparing  with  AIN  and  InN.  The  com¬ 
prehensive  exploration  of  the  complete  energy  surface  in  the  earlier  work  highlighted 
three  interstitial  locations  where  H  can  be  stable  or  metastable:  the  bond-center  site 
(BC),  the  antibonding  site  near  a  nitrogen  atom  (ABn),  or  the  antibonding  site  near  a 
gallium  atom  (ABoa)* 

For  positively  charged  (Ht)  we  find  almost  equal  formation  energies  at  BC  and  ABn 
sites,  ABn  being  marginally  lower.  The  N-H  bond  lengths  are  1.03  A  for  BC  and 

Table  1 

Formations  energies  (in  eV)  (at  =  0)  and  stable  for  H  in  nitride  semiconductors 


charge  state 

stable  site 

AIN 

GaN 

InN 

H+ 

ABn 

-1.04 

-0.30 

-1.11 

ABcation 

2.69 

3.09 

2,03 

H- 

ABcation 

3.85 

4.09 

2.55 
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1.05  A  for  ABn.  The  ABca  site  is  2.38  eV  higher  in  energy.  For  neutral  hydrogen  (H^), 
ABoa  and  BC  are  cx)mparable  in  energy,  with  ABn  only  0.69  eV  higher.  Note  that  the 
Ga~H  bond  length  is  such  that  the  ABoa  almost  coincides  with  the  tetrahedral  intersti¬ 
tial  (Td)  site.  For  negatively  charged  hydrogen  (Hi),  the  ABoa  site  is  strongly  pre¬ 
ferred;  the  energy  is  higher  by  2.21  eV  at  BC  and  by  3.83  eV  at  ABn. 

The  stable  sites  and  corresponding  fom^  energies  are  tabulated  in  Table  1,  and 
the  formation  energies  as  a  function  of  Ev  are  shown  in  Fig.  lb.  is  energetically 
stable  for  Ejf  below  £(-f/-)  =  2.20  eV,  while  H“  is  more  stable  for  higher  Fermi  levels. 
This  means  that  in  p-type  GaN  is  stable,  while  in  n-type  GaN  H“  is  stable,  provid¬ 
ing  the  basis  for  hydrogen’s  tendency  to  always  act  as  a  compensating  center.  is 
never  stable,  which  is  the  characteristic  of  a  “negative- f/”  system.  The  value  of  U  is 
equal  to  e{0/-)  -  a(+/0)  =  -2.39  eV.  The  origin  of  this  large  negative  U  in  GaN  has 
been  discussed  in  Ret  [2]. 

Hydrogen  in  AIN  The  lattice  constant  of  AIN  is  slightly  smaller  than  that  of  GaN,  and 
the  elastic  constants  slightly  larger  [8],  causing  the  BC  site  to  be  less  favorable.  We  find, 
in  fact,  that  BC  is  no  longer  a  local  minimum  for  a  slight  displacement  of  H  off  the 
BC  site  causes  it  to  relax  towards  the  ABn  site.  ABn  is  the  energetically  most  stable 
site,  with  a  N-H  bond  length  of  1.06  A.  ABai  is  higher  in  energy  by  2.40  eV;  the  latter 
difference  is  essentially  equal  to  the  value  in  GaN.  For  ABai  is  most  stable,  with  H 
sitting  very  close  to  the  Td  site.  ABn  is  0.40  eV  higher  in  energy,  and  BC  is  0.78  eV 
higher;  again  we  see  (just  like  in  GaN)  that  the  energy  differences  between  these  sites 
are  relatively  small  in  the  case  of  H®.  Negatively  charged  hydrogen  (Hi),  finally,  pre¬ 
fers  to  stay  close  to  the  cations  and  strongly  prefers  ABai-  The  A1  atoms  move  toward 
H,  making  the  Al-H  bond  length  5%  shorter  than  Al-N.  The  energy  of  H“  at  BC  and 
ABn  sites  is  much  higher  (by  3.42  and  3.50  eV)  than  at  the  ABai  site.  The  formation 
energies  as  functions  of  Fermi  level  are  shown  in  Fig.  la. 

Overall,  the  behavior  of  H  in  AIN  is  very  similar  to  the  case  of  GaN  with  £(+/-) 
now  at  2.45  eV,  and  a  slightly  larger  magnitude  of  f/  =  -2.57  eV.  Specifically,  the  gen¬ 
eral  picture  presented  in  Ref  [2]  holds  true  for  AIN,  which  has  an  even  wider  band  gap 


4 


Fig.  1.  Formation  energies  as  a  function  of  Fermi  level  for  H+,  H®,  and  H“  in  a)  AIN,  b)  GaN, 
and  c)  InN.  Fp  =  0  corresponds  to  the  valence-band  maximum,  and  formation  energies  are  refer¬ 
enced  to  the  energy  of  an  Ha  molecule 
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than  GaN.  The  preference  for  different  sites  in  different  charge  states  can  be  explained 
on  the  basis  of  Coulomb  interactions:  H'*'  prefers  regions  of  high  charge  density  and 
thus  stays  close  to  the  anion  (N),  favoring  ABn  or  BC,  On  the  other  hand,  H“  prefers 
to  stay  away  from  the  anion  and  closer  to  the  cation,  making  ABoa  or  ABai  the  pre¬ 
ferred  site.  Both  and  H“  exhibit  large  energy  differences  between  sites  close  to 
anions  versus  cations,  whil^h^OTer^~surface”for  H^is  much  “fla'tt^’” 

Although  the  behavior  of  H  in  AIN  is  very  similar  to  GaN,  the  larger  gap  of  AIN 
leads  to  an  interesting  effect.  In  GaN,  H”  is  never  quite  as  stable  as  H"*",  due  to  an 
asymmetric  placement  of  f  ('!’/-)  in  the  gap  (see  Fig.  lb).  In  AIN,  however,  the  larger 
gap  can  lead  to  positions  far  exceeding  £(+/-),  leading  to  a  higher  possible  stability 
of  H‘.  We  therefore  predict  that  H  will  play  a  more  important  role  in  n-type  AIN  than 
in  n-type  GaN. 

Hydrogen  in  InN  The  band  gap  of  InN  is  much  smaller  than  that  of  AIN  and  GaN 
(1.8  eV  in  the  zinc-blende  structure),  and  we  will  see  that  this  leads  to  an  interesting 
behavior.  For  ffll,  the  ABn  site  is  favored  again,  and  BC  is  higher  in  energy  by  only 
0.18  eV.  At  ABin,  the  total  energy  is  higher  by  2.95  eV.  For  and  Hi,  great  care  has 
to  be  taken  in  the  interpretation  of  the  density-functional  calculations  (as  discussed 
previously  for  GaN  in  Ret  [7]).  We  carefully  checked  the  nature  of  the  energy  level  in 
the  band  structure  that  is  occupied  with  one  or  two  electrons  in  the  and  H"  calcula¬ 
tions.  For  ABin,  the  corresponding  state  is  indeed  localized  near  the  H  atom.  For  ABn 
and  BC,  however,  this  state  turns  out  to  be  an  extended  state.  Correct  calculations  for 
and  H“  should  therefore  not  place  electrons  in  this  state  -  the  actual  hydrogen- 
induced  energy  level  occurs  higher  in  the  band  structure.  When  these  considerations 
are  taken  into  account,  ABn  and  BC  are  found  to  be  higher  in  energy  than  ABin  for 
both  and  H“.  The  formation  energies  as  a  function  of  Fermi  level  for  all  three 
charge  states  are  shown  in  Fig.  Ic.  Again,  V  is  large  and  negative  {U  =  -2.62  eV),  and 
the  value  of  £(+/-)  is  1,83  eV.  Since  the  energy  gap  of  InN  is  smaller  than  c(-h/-),  the 
positive  charge  state  is  the  only  stable  charge  state  for  H  in  InN,  regardless  of  Fermi- 
level  position.  Note  that  band-gap  corrections  would  raise  the  energy  of  H“  (the  charge 
state  with  occupied  gap  levels)  with  respect  to  H'^,  thus  strengthening  our  conclusions 
about  the  stability  of  Therefore,  hydrogen  always  acts  as  a  donor  in  InN, 

This  behavior  is  surprising,  since  it  differs  from  the  usual  amphoteric  character  of  H 
in  other  semiconductors  (including  GaN  and  AIN).  In  InN,  H  can  act  as  a  source  of 
n-type  conductivity.  This  is  important  to  keep  in  mind  when  growing  InN;  growth  techni¬ 
ques  such  as  metal-organic  chemical  vapor  deposition  and  hydride  vapor  phase  epitaxy 
introduce  hydrogen  from  source  gases  and  carrier  gases,  and  even  in  molecular  beam 
epitaxy  H  can  be  present  either  intentionally  (when  NH3  is  used  as  the  N  source)  or 
unintentionally  (as  a  hard-to-avoid  background  impurity).  We  have  previously  discussed 
other  sources  of  n-type  conductivity  in  InN  [12]:  nitrogen  vacancies  are  too  high  in 
energy  to  be  a  concern,  but  unintentional  impurities  such  as  silicon  or  oxygen  do  act  as 
donors  and  can  be  easily  incorporated.  Hydrogen  should  be  added  to  this  list  of  unin¬ 
tentional  donors  in  InN. 
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